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ABSTRACT

The interplanetarydustcomplex is describedby several
dynamicpopulationsof particles. New populationsare
testedagainstdiverseobservations. The new popula-
tionsdiffer essentiallyfrom thoseadoptedin earlierme-
teoroidmodelsandaretied to long-termdynamicsof the
interplanetarydust. The datasetusedfor validationof
the model include infrared emissionobservationswith
COBE DIRBE instrumentand impact countswith the
dustdetectorsaboardGalileoandUlyssesspacecraft.It is
found that underreasonableassumptionsaboutsources,
dynamicsandcompositionof theinterplanetarydustboth
remoteobservationsandin-situ measurementscanbere-
producedby a combinationof thenew populationsquite
well.
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1. THE DIVINE METEOROID MODEL

Divine [5] constructedan empirical modelof the inter-
planetarymeteoroidswhich attemptedto matchthevari-
etyof observationslikezodiacallight measurements,im-
pact detectorson variousspacecraft,radarobservations
and lunar impactcounts. In this model, the interplane-
tary dust cloud was assumedto be symmetricwith re-
spectto the ecliptic planeandthe line of poles,andall
grainsin the cloudwereassumedto be in Keplerianor-
bits aroundthesunwith no perturbingforces.Statistical
descriptionwasadoptedanddistribution in spaceandve-
locities wasintroduced.Due to the symmetries,dimen-
sion of the problemwas reducedto three,with the full
6-D numberdensitybeing a function of threeindepen-
dentvariables,the periheliondistance��� , eccentricity �
and inclination

�
. A separableform waschosenfor the

numberdensity:���	��

����������������������������� � �"!"#�%$'& �(� � �*)�+ � � ��)�,�� � �- . �0/2143�� �5!"# � (1)

where/2143 is thegravitationalparameterof thesunand�6� , � , � mustbe calculatedfor the position ��

��������� and

velocity ����������������� � in theecliptic referenceframe. The
functions $ & , ) + and ) , wererepresentedwith tablesof
valuesatappropriateabscissas,andinterpolationwasap-
plied betweenthe abscissas.Distribution in masswas
separatedfrom distribution in spaceandvelocities.

Definition(1)allowsfor derivationof fluxes,spatialnum-
ber densities,and line-of-sight brightnessintegrals in a
straightforwardway, e.g.integrationof (1) over all velo-
citiesyieldsspatialnumberdensity, which, in turn,under
certainassumptionson grain optical properties,can be
integratedover a line-of-sight to model observationsat
visualandinfraredwavelengths.

Divine [5] incorporatedin the model resultsof a radar
meteorsurvey, several in-situ dustexperiments,zodiacal
light observationsandlunarmicrocraterdata. He began
with radarmeteordataandalreadyhadto introducetwo
populationseachin the form (1) sincethe datadid not
supportseparability. Threemore populationswere in-
troducedin orderto reproducein-situ flux measurements
with dust experimentson Pioneer10 and11, Helios-1,
GalileoandUlysses.

Theconstructionof themodelwasin principleasfollows.
The sumof all populationcontributionsto the modelled
observationswasnotallowedto exceedthemeasuredval-
ues. A new populationwas often addedto the model
whena new datasetwasincorporated(e.g.the inclined
populationto matchthe Helios data). In order to com-
pensatefor high observationalbiases,a relatively weak
criterion of convergencewasapplied( 7 is the observed
value, 8 is thecalculatedprediction):

Residual� 9;:=< � 8?>�7 �@BA 9;:=< � 8C>	7 � (2)

The Divine modelgainedpopularityandsomemodified
versionsof theoriginal modelwereusedfor morerecent
zodiacaldustobservations[3] andspacedebrischaracter-
isation[1].

However, the Divine model designhas somecaveats.
Whenthe dataare incorporated,a non-linearill-defined
problemhasto besolvedwhichcostsextensivecomputa-
tional effort. Indeed,applicationof trial-and-erroritera-
tions governedby residualminimisationstrategy, neces-
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Figure1. Comparisonbetweenthe Divine modelandthe distributionsof dustejectedfrom Jupiterfamily cometsand
asteroids,andspirallingtowardsthesununderthePoynting-Robertsondrag.TheDivinemodeldistributionsarecalculated
for the grain massof

@EDGFIH
g, or a few micronsin size. Threepopulationsdominateat this size. The populationin

thebackgroundof theplot is the “Core” population,thedenseregion in theright bottomcornershows the“Asteroidal”
population.Thereis apronouncedgapattheperiheliondistance�6�2J -

AU between“Core” and“Asteroidal”populations.
Thepatchin theleft bottomcornershows the“Inclined” population.

sitatesevaluationof nestedintegralseachtime a param-
eterof the model is changed(well above 50 parameters
in the Divine model). So far the only way to decrease
computationalcostshasbeenreductionof predictionac-
curacy, i.e. employmentof low-orderquadratureformu-
lae in approximationof the integralsnumerically. When
anupdateof themodelis constructed,non-trivial andof-
tenmanualwork is necessaryto find thefirst approxima-
tion. Finally, separabilityof the real dustdistribution in
the form establishedby (1) is supportedneitherby ob-
servationsnor by long-termparticledynamics.Figure1
showsdisagreementbetween2D distributionsin semima-
jor axisandeccentricityfor theDivine modelandfor the
dustevolving underPoynting-Robertson(P-R)drag.It is
seenthatagoodfit of theP-Rdrag-dominateddustdistri-
butionwouldrequiretensof Divine’spopulations.Evolu-
tion of dustorbitsunderplanetaryperturbations,includ-
ing bothgravitationalscatteringandresonances,doesnot
allow for separationof variablesin Eq. (1) either. Source
distribution is alsonon-separable.

In summary, we emphasisethat the Divine model em-
ployed Kepleriandynamicsto constrainthe distribution
of meteoroidsin coordinatesand velocities. Observa-
tionsmadeby differentmethodswereincorporatedin the
model,anda tool for thedescriptionof theinterplanetary
meteoroidenvironmentwasdevelopedwhich allowedto
estimatefluxeson arbitrarysurfacesin thesolarsystem.
But improvementof theDivinemodeldesignis necessary
to let the long-termdynamicsfurther constraindistribu-
tionsof interplanetarydust.

2. A NEW INTERPLANETARY DUSTMODEL

New modeldesignadmitsmany — a numberwell above
Divine’s five — populationswith the distribution func-
tions defineda-priori. Eachpopulationis constructedin
order to representa possiblestructureof the interplane-
tary dust cloud in accordancewith long-termevolution
of dustgrainorbits.For example,theorbitsof dustparti-
clesof sizesfrom

@
to

@�D	D
micronsshouldevolve under

P-Rdrag(unlessscatteringby planetsandresonancesare

taken into account).Consequently, distribution of these
particlesin semimajoraxis andeccentricityshouldlook
analogousto the distributionsof cometaryor asteroidal
particlesin Fig. 1. For the P-R drag taken alone, in-
clination distribution andmassdistribution canbe sepa-
rated.Theinclinationdistributionsrepresentlatitudesof
sourcesof dust,andthemassdistributionsaredetermined
by productionratesandgrainlifetimes.

As follows from the above example,distribution func-
tionsof thenew populationsmaynot beseparablein the
form suggestedin (1). The distributionsmay be rather
complicated,but since their relative profiles have been
fixed,eachof themaddonly oneunknown parameterto
themodel— a normalisationfactor. Eachprediction 8�K
for theobservation 7 K maybedescribedasa linearcom-
binationof thenormalisationfactors
I,

7 K J 8 K � LMK�N &�O , KQP 
�,��SRT� @ �VUEUVU6�51WU (3)

where O , K is the contribution of
�
-th populationto R -th

observation.To determinethenormalisationfactors
�, , a
linear inverseproblemhasto besolved. For bothGaus-
sian andPoissonnoisesrelevant to typical line-of-sight
observationsandin-situimpactcounts,respectively, stan-
dardproceduresexist to find themostlikely valuesof 
 ,
giventhebiasedobservations 7XK . Notetheinverseprob-
lemstill maybeill-defined,sincetheexistenceof asolu-
tion dependsonthechoiceof thepopulationdistributions.

The new model designhasseveral advantagesover the
previousone.Theamountof computationsneededto ad-
just the model to the observationsis decreasedsubstan-
tially sincetheobservablesarein linearrelationshipswith
thenormalisationfactors.Eachindividualobservation—
nomatterwhetherit is aline-of-sightbrightnessmeasure-
ment or in-situ impact count — may be expandedin a
weightedsumof individual populationcontributions(3).
This is doneonceonly whena new populationis intro-
ducedor a new observationis incorporatedin themodel,
andthenstandardprocedurescanbeappliedto solve the
inverseproblem.In theDivinemodelonehadto recalcu-
late all predictionseachtime any parameteris changed.
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This is especiallycumbersomewhentheinverseproblem
is solvedthroughtrial-and-erroriterations.

Thenew designallowsfor aneasyandcomprehensiveex-
tensionof themodel:To addanew populationor to mod-
ify anolddefinition,it is sufficienttoexpandobservations
in sumsof weightedpopulationcontributions,andto re-
adjusteachpopulation’snormusingstandardprocedures.
It is alsostraightforwardto addnew datasets.Theproce-
dureis to properlydescribetheresponsefunction O , K of
an instrumentandthe conditionsof the observations,to
calculatepopulationcontributionsto theobservedvalues
andto re-adjustthenormalisationfactors.

Employmentof long-termdynamicsgivescredibility to
themodelpredictionswherenoobservationdatais avail-
able,i.e. themodel-basedextrapolationsof existingmea-
surementsshould, in general,be more reliable than in
theDivine modelwhich extrapolatedmeasurementsin a
somewhatarbitraryway.

2.1. New populations

We introducedan experimentalsetof populationsin or-
derto testthenew approachagainstinfraredobservations
with COBE satelliteand in-situ impactcountsmadeby
dustdetectorson boardGalileo andUlysses.Of the ten
wave bandscoveredby the COBE DIRBE experiment,
we usedthe four centredat 4.9, 12, 25 and60 microm-
eterswherethermalemissionof zodiacaldustdominates
over other radiationsourcessuchasstarsat the shorter
wavelengths,galacticinfraredbackgroundat the longer
wavelengths,andthecosmicinfraredbackground.Since
the datasetscover mostly small grains of radii below
100 Y m, we usedtwo differentdistributionsin semima-
jor axesandeccentricitydeterminedby theP-Rdragfor
thegrainsejectedby cometsandasteroids(seeFig. 1 for
examplesof thedistributionsof cometaryandasteroidal
dustparticles). In this work, we did not accountfor the
differencebetweenthe orbits of parentbody andsmall
dustparticlesubjectto directradiationpressureforce.All
asteroidsand cometswere assumedto generatedust at
equalrates.

Inclinationdistributionsfor thenew populationswerede-
fined asfollows. We introducedsetsof populationsfor
cometaryand asteroidaldust distinguishedby parame-
ters Z of theinclinationdistributionsin theform:[ � � �]\ � � @^ -�. Z`_6acb dBe � #- Z #gfTh�i;j � \ � (4)

where Z weretaken from
-	k

to l D=k in stepsof
-	k

. This
is donein orderto approximatetheactualinclinationdis-
tribution of dustwhich may differ from the distribution
of visible dustsources(e.g.asa resultof mean-motion
resonanceswith planets).

Massdistributions were taken in the form
[ �(mn��\	mo�m F�p q & !"� \=m where r is the slope of the massdistri-

bution of ejectafrom sourcesand the
@ >�l comesfrom

the P-R lifetimes that are inverselyproportionalto the
radiationpressureto gravity ratio sut m F & !"� (larger

Figure 2. Thermalemissionmap at 12 Y m as seenby
COBE DIRBE (a) and predictedby the interplanetary
meteoroidmodel(b). DIRBE’s observationsobtainedin
ecliptic southernandnorthernhemispheresweremapped
onto onehemisphereandaveraged.Referenceframeis
rotatingsynchronousto Earth’s orbital motion. Thecen-
treshowsthermalemissionin thedirectionof theecliptic
North (or South)pole,0

k
correspondsto anti-Sundirec-

tion.

grains live longer and spiral towards the sun slower).
Note that this form of the massdistribution is valid in
a limited massrangeonly where the P-R drag domi-
natesparticle dynamics. In order to test different pos-
sibilities,

e r Av@ >�l was given values out of the setw e @ U - � e @ U -=x � e @ U l D � e @ U l�l � e @ U l�y � e @ U zG� e @ U {c| which
is centredaroundthe expectedejectamassdistribution
slopewith r �}{ > l � @ U y=y [7].

Modelling of thermalemissionof theinterplanetarydust
requiresa knowledgeof temperaturesof zodiacaldust
which dependon grain size, compositionand distance
from the sun. We usedthe approachsuggestedin [8]
and calculatedvolume emissivities for astrosilicateand
graphitegrainsfor all massdistribution slopes r . Mie
theorywasappliedwith theopticalconstantsfrom [6]. In
contrastto [8] who searchedfor a spatialnumberdensity
to fit to observations,wederivedspatialnumberdensities
from thedistributionsin orbitalelements.Thismakesthe
spatialnumberdensityconsistentwith Kepleriandynam-
ics, and throughthe definition of populations,with the
long-termdynamics.

As a result of our assumptionsdescribedabove we de-
fine 630 populations(2 sourceclasses~ 15 inclination
distributions ~ 3 grain materials ~ 7 massdistribution
slopes)which give 630unknown parameters
�, . This is
well abovethenumberof parametersin theDivinemodel,
yet thesolutionof theinverseproblemis obtainedfaster,
andat muchhigheraccuracy of modelcalculations.

3. A FIT TO INFRAREDOBSERVATIONS

TheCOBEDIRBE instrumentaccomplisheda survey of
the sky confinedto thesolarelongationslarger than60

k
andsmallerthan135

k
. Basedon this survey, weeklyav-

eragedsky mapswereproducedwhich we processedas
follows. All southernandnorthernecliptic latitudeswere
mappedonto onehemisphereandaveraged,therebyre-
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moving the slight asymmetryof the zodiacalcloudwith
respectto the ecliptic plane which is seenin the data
but which is not presentin theformulationof themodel.
Ecliptic longitudesof theEarthat eachobservationwere
subtractedfrom theecliptic longitudesof theobservation
directionssothatall observationswerereducedto a sin-
gle location of the Earth. Multiple observationsof the
samepositionson celestialspherewereaveraged. Fig-
ure2A showstheemissionof thedustparticlesin 12 Y m
wave band.

Normalisationfactorsfor all 630 populationswerethen
iterated using the L-BFGS-B algorithm [2] to fit the
modelto thedata,with theGaussianfunctiondescribing
thedistributionof errorsof measurements

Residual� M K � 7XK e 8�K � #Z , (5)

where 8�K areweightedsumsof all populationcontribu-
tionsto the

�
-th observationeachcorrespondingto a line

of sight from themapon Fig. 2A. Theresultsareshown
in Fig. 2B for the 12 Y m wave band. Agreementwith
the observationsin the otherwave-bandsat 4.9, 25 and
60 Y m wasgoodaswell, so that both the spatialnum-
berdensitiesandthespectrumof interplanetarydustwere
well matchedby themodel.

In our futurework we planto improvetherepresentation
of the infraredobservationsas follows. Asymmetryof
zodiacalcloud with respectto the ecliptic planecanbe
introducedin themodelby a simpletransformationfrom
theeclipticplaneto themodel’ssymmetryplane.

4. A FIT TO IN-SITU IMPACT COUNTS

Dustexperimentson-boardspacecraftusuallyyield a se-
quenceof impacteventsaccompaniedby inferredgrain
properties,spacecraftlocationsandvelocities,aswell as
detectororientations.Basedon similarity of observation
conditionsat the time of impacts(e.g.orientationof the
detector, heliocentricdistance,spacecraftvelocity) the
impactscanbe sortedin bins to resolve fluxesof parti-
cles moving on different orbits. Descriptionof the in-
strumentresponsefunctionis necessaryto reproducethe
impactcountsin the model. In an ideal situationwhen
the instrumentresponsefunction is well known, Poisson
statistics(comingfrom thewell-known Poissoniandistri-
bution)canbeappliedto adjustthemodelto theobserved
impactcounts:

Residual� M K � 8�K e 7XK 9 j 8�K ��U (6)

Application of the Poissonstatisticsto dustexperiment
datayields only moderatelysuccessfulresults. Dikarev
et al. [4] constructa model basedon the sameprinci-
ples, and using slightly different populationdefinitions
(which includedustscatteredby planets)they show that
Galileo andUlyssesdatacanbe reproducedreasonably
well. Our recentanalysessuggestthattheagreementcan
be improved if “poor” impacteventsareexcludedfrom

theGalileodataset,i.e. impactsof classes0 and1. This
may be an indication of incompletenessof our current
modelor biasesin thedatasetitself.

Thecalibrationof dustdetectorsusuallyleaveslargeun-
certaintyfactors.For example,theaccuracy of massde-
terminationwith thedustdetectorsystem(DDS)installed
on GalileoandUlysses,accordingto groundcalibration,
is oneorderof magnitude.Impactvelocitiesarebelieved
to be known within a factor of 2 only. The detection
thresholdof theold Pioneer10 and11 dustexperiments
wascalibratedat impactvelocitiesof oneto two kilome-
trespersecondandthenextrapolatedto theactualinter-
planetaryvelocitiesof tensof kilometrespersecond.The
uncertaintyof thelattermeasurementsis difficult to esti-
mate.

5. CONCLUSION

Weproposeanew interplanetarymeteoroidmodeldesign
in orderto incorporateknowledgeof the long-termdust
dynamics. The new model is composedof populations
defineda-priori. Eachpopulationrepresentsa possible
structureof thezodiacalcloud,distribution functionsare
derived basedon theory. The normalisationfactorsare
model parametersto be solved for. In this design,the
inverseproblembecomeslinearwith respectto thesolve-
for parameters.It allows to solve the inverseproblem
much fasterthan previously [3,5], lessmanualwork is
necessaryat the stageof formulationof the model,and
the transitionfrom theoreticalstudiesto theengineering
modelbecomesmoretransparent.

We useCOBE DIRBE remoteobservationsandGalileo
andUlyssesimpactcountsto confirmtheapplicabilityof
thenew designof ameteoroidmodel.Simpledistribution
functionsof interplanetarydustpopulationsaredefined
andusedasanexample.Dataandmodelpredictionsare
shown to bein a reasonablygoodagreement.
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