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ABSTRACT

The interplanetarydustcomplex is describedby several

dynamicpopulationsof particles. New populationsare
testedagainstdiverse obsenations. The new popula-
tions differ essentiallyfrom thoseadoptedn earlierme-

teoroidmodelsandaretied to long-termdynamicsof the

interplanetarydust. The datasetusedfor validation of

the model include infrared emissionobsenations with

COBE DIRBE instrumentand impact countswith the

dustdetectorsaboardzalileoandUlyssesspacecraftlt is

found that underreasonablessumptiongboutsources,
dynamicsandcompositiorof theinterplanetandustboth

remoteobsenationsandin-situ measurementsanbere-

producedby a combinationof the new populationsquite

well.
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1. THEDIVINE METEOROID MODEL

Divine [5] constructedan empirical model of the inter-
planetarymeteoroidsvhich attemptedo matchthe vari-
ety of obsenationslik e zodiacallight measurementén-
pact detectorson variousspacecraftradarobsenations
and lunarimpact counts. In this model, the interplane-
tary dustcloud was assumedo be symmetricwith re-
spectto the ecliptic planeandthe line of poles,andall
grainsin the cloud wereassumedo be in Keplerianor-
bits aroundthe sunwith no perturbingforces. Statistical
descriptionwasadoptedanddistributionin spaceandve-
locities wasintroduced. Due to the symmetriesdimen-
sion of the problemwas reducedto three,with the full
6-D numberdensity being a function of threeindepen-
dentvariables the periheliondistancer,, eccentricitye
andinclinationi. A separabldorm waschosenfor the
numberdensity:
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velocity (vg, vy, v;) in the ecliptic referencdrame. The
functions Ny, p. andp; wererepresentedavith tablesof
valuesat appropriateabscissagndinterpolationwasap-
plied betweenthe abscissas.Distribution in masswas
separatedrom distributionin spaceandvelocities.

Definition (1) allowsfor derivationof fluxes,spatialnum-
ber densities,and line-of-sight brightnessintegralsin a
straightforvardway, e.g.integrationof (1) over all velo-
citiesyields spatialnumberdensity which, in turn, under
certainassumption®n grain optical properties,can be
integratedover a line-of-sightto model obsenationsat
visualandinfraredwavelengths.

Divine [5] incorporatedn the model resultsof a radar
meteorsurwey, severalin-situ dustexperimentszodiacal
light obsenationsandlunar microcraterdata. He began
with radarmeteordataandalreadyhadto introducetwo
populationseachin the form (1) sincethe datadid not
supportseparability Three more populationswere in-
troducedn orderto reproducen-situ flux measurements
with dustexperimentson Pioneer10 and 11, Helios-1,
GalileoandUlysses.

Theconstructiorof themodelwasin principleasfollows.
The sumof all populationcontritutionsto the modelled
obsenationswasnotallowedto exceedthemeasuredal-
ues. A new populationwas often addedto the model
whena new datasetwasincorporatede.g.theinclined
populationto matchthe Helios data). In orderto com-
pensatefor high obsenationalbiases,a relatively weak
criterion of corvergencewasapplied(O is the obsened
value,C is the calculatedprediction):

log(C/0)

Residual= W(C/O)

)

The Divine modelgainedpopularityand somemaodified
versionsof the original modelwereusedfor morerecent
zodiacaldustobsenations[3] andspacealebrischaracter
isation[1].

However, the Divine model design has some caveats.
Whenthe dataareincorporateda non-linearill-defined
problemhasto be solvedwhich costsextensive computa-
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Figure1. Comparisorbetweenthe Divine modelandthe distributions of dustejectedfrom Jupiterfamily cometsand
asteroidsandspirallingtowardsthesununderthePoynting-Robertsonlrag. The Divine modeldistributionsarecalculated
for the grain massof 10~ g, or a few micronsin size. Three populationsdominateat this size. The populationin

the backgroundof the plot is the “Core” population,the denseregion in theright bottomcornershaws the “Asteroidal”
population.Thereis apronouncedjapattheperiheliondistancer, ~ 2 AU betweerfCore” and“Asteroidal”’populations.
Thepatchin theleft bottomcornershovs the“Inclined” population.

sitatesevaluationof nestedntegralseachtime a param-
eterof the modelis changedwell above 50 parameters
in the Divine model). So far the only way to decrease
computationatostshasbeenreductionof predictionac-
curagy, i.e. employmentof low-orderquadraturdormu-
laein approximatiorof the integralsnumerically When
anupdateof themodelis constructednon-trivial andof-
tenmanualwork is necessaryo find thefirst approxima-
tion. Finally, separabilityof the real dustdistributionin
the form establishedyy (1) is supportedneitherby ob-
senationsnor by long-termparticledynamics.Figure 1
shavsdisagreemertietweer?D distributionsin semima-
jor axisandeccentricityfor the Divine modelandfor the
dustevolving underPoynting-RobertsorfP-R) drag. It is
seenthatagoodfit of the P-Rdrag-dominatedustdistri-
butionwouldrequiretensof Divine’s populations Evolu-
tion of dustorbits underplanetaryperturbationsinclud-
ing bothgravitationalscatteringandresonancesioesnot
allow for separatiorof variablesn Eq. (1) either Source
distributionis alsonon-separable.

In summary we emphasiseahat the Divine model em-
ployed Kepleriandynamicsto constrainthe distribution
of meteoroidsin coordinatesand velocities. Obsena-
tionsmadeby differentmethodswvereincorporatedn the
model,andatool for thedescriptiorof theinterplanetary
meteoroidernvironmentwasdevelopedwhich allowedto
estimatefluxeson arbitrary surfacesin the solarsystem.
Butimprovemenbf theDivine modeldesignis necessary
to let the long-termdynamicsfurther constraindistribu-
tionsof interplanetandust.

2. ANEWINTERPLANETARY DUST MODEL

New modeldesignadmitsmary — anumberwell above
Divine's five — populationswith the distribution func-
tions defineda-priori. Eachpopulationis constructedn
orderto represent possiblestructureof the interplane-
tary dustcloud in accordancewvith long-termevolution
of dustgrainorbits. For example the orbitsof dustparti-

taken into account). Consequentlydistribution of these
particlesin semimajoraxis andeccentricityshouldlook
analogoudo the distributions of cometaryor asteroidal
particlesin Fig. 1. For the P-R dragtaken alone, in-
clination distribution and massdistribution canbe sepa-
rated. Theinclination distributionsrepresentatitudesof
source®f dust,andthemasdistributionsaredetermined
by productionratesandgrainlifetimes.

As follows from the above example, distribution func-
tions of the new populationamay not be separablén the
form suggestedn (1). The distributions may be rather
complicated,but sincetheir relative profiles have been
fixed, eachof themaddonly oneunknonvn parameteto
the model— a normalisatiorfactor EachpredictionC)

for theobserationO; maybedescribedasalinearcom-
binationof the normalisatiorfactorsz;

N
Oj%Cj:ZU)ij-!L'i, j:].,...,M. (3)

i=1

wherew;; is the contribution of i-th populationto j-th

obsenation. To determinghe normalisatiorfactorsz;, a
linear inverseproblemhasto be solved. For both Gaus-
sian and Poissonnoisesrelevant to typical line-of-sight
obsenationsandin-situimpactcountsyespectrely, stan-
dardprocedurexist to find the mostlik ely valuesof z;

giventhe biasedobsenrationsO;. Notetheinverseprob-
lem still maybeill-defined,sincethe existenceof a solu-
tion depend®nthechoiceof thepopulationdistributions.

The new model designhas several advantagesover the
previousone. Theamountof computationsieededo ad-
just the modelto the obsenationsis decreasedubstan-
tially sincetheobsenablesarein linearrelationshipswith
thenormalisatiorfactors.Eachindividual obseration—
nomatterwhetheiit is aline-of-sightbrightnessneasure-
mentor in-situ impactcount— may be expandedin a
weightedsumof individual populationcontributions(3).
This is doneonceonly whena new populationis intro-
ducedor a new obsenationis incorporatedn the model,
andthenstandardproceduresanbe appliedto solve the



Thisis especialljcumbersomahentheinverseproblem
is solvedthroughtrial-and-erroiiterations.

Thenew designallowsfor aneasyandcomprehensieex-

tensionof themodel: To adda new populationor to mod-
ify anold definition,it is sufficientto expandobsenations
in sumsof weightedpopulationcontritutions,andto re-

adjusteachpopulationsnormusingstandarcgrocedures.

It is alsostraightforvardto addnew datasets.Theproce-
dureis to properlydescribethe responséunctionw;; of
an instrumentandthe conditionsof the obsenations,to
calculatepopulationcontritutionsto the obsenedvalues
andto re-adjusthe normalisatiorfactors.

Employmentof long-termdynamicsgives credibility to
themodelpredictionswhereno obsenationdatais avail-
able,i.e.themodel-basedxtrapolationf existing mea-
surementsshould, in general,be more reliable thanin
the Divine modelwhich extrapolatedmeasurements a
somavhatarbitraryway.

2.1. New populations

We introducedan experimentalsetof populationsin or-
derto testthenew approaclagainsinfraredobsenations
with COBE satelliteand in-situ impactcountsmadeby
dustdetectorson boardGalileo and Ulysses. Of theten
wave bandscoveredby the COBE DIRBE experiment,
we usedthe four centredat 4.9, 12, 25 and 60 microm-
eterswherethermalemissionof zodiacaldustdominates
over otherradiationsourcessuchas starsat the shorter
wavelengths galacticinfrared backgroundat the longer
wavelengthsandthe cosmicinfraredbackground Since
the data setscover mostly small grains of radii belon
100 pm, we usedtwo differentdistributionsin semima-
jor axesandeccentricitydeterminedy the P-R dragfor
the grainsejectedby cometsandasteroidg{seeFig. 1 for
examplesof the distributions of cometaryandasteroidal
dustparticles). In this work, we did not accountfor the
differencebetweenthe orbits of parentbody and small
dustparticlesubjecto directradiationpressurdorce. All
asteroidsand cometswere assumedo generatedust at
equalrates.

Inclinationdistributionsfor thenew populationsverede-
fined asfollows. We introducedsetsof populationsfor

cometaryand asteroidaldust distinguishedby parame-
terso of theinclinationdistributionsin theform:

N s 1 i2 o
f@)di = Woro exp { 552 } sin idi (4)
whereo weretakenfrom 2° to 30° in stepsof 2°. This

is donein orderto approximateheactualinclinationdis-

tribution of dustwhich may differ from the distribution

of visible dustsourcege.g.asa resultof mean-motion
resonancewith planets).

Massdistributions were taken in the form f(m)dm =
m~7t1/3dm where~ is the slope of the massdistri-
bution of ejectafrom sourcesandthe 1/3 comesfrom

(A) COBE DIRBE

(B) METEOROID MODEL

Figure 2. Thermalemissionmapat 12 ym as seenby
COBE DIRBE (a) and predictedby the interplanetary
meteoroidmodel(b). DIRBE’s obsenationsobtainedin
ecliptic southerrandnorthernhemisphereseremapped
onto one hemisphereand averaged. Referencdrameis
rotatingsynchronouso Earth's orbital motion. The cen-
tre shawvsthermalemissionin thedirectionof theecliptic
North (or South)pole, 0° correspondso anti-Sundirec-
tion.

grains live longer and spiral towards the sun slower).
Note that this form of the massdistribution is valid in
a limited massrange only where the P-R drag domi-
natesparticle dynamics. In orderto testdifferent pos-
sibilities, —y + 1/3 was given valuesout of the set
{-1.2,-1.27,-1.30,-1.33, —1.36, —1.4, —1.5} which
is centredaroundthe expectedejectamassdistribution
slopewith v = 5/3 = 1.66 [7].

Modelling of thermalemissionof the interplanetarydust
requiresa knowledge of temperature®f zodiacaldust
which dependon grain size, compositionand distance
from the sun. We usedthe approachsuggestedn [8]
and calculatedvolume emissvities for astrosilicateand
graphitegrainsfor all massdistribution slopesy. Mie
theorywasappliedwith theopticalconstantfrom [6]. In
contrasto [8] who searchedor a spatialnumberdensity
to fit to obsenations we derivedspatialnumberdensities
from thedistributionsin orbital elementsThis makesthe
spatialnumberdensityconsistentvith Kepleriandynam-
ics, and throughthe definition of populations,with the
long-termdynamics.

As aresultof our assumptionglescribedabove we de-
fine 630 populations(2 sourceclassesx 15 inclination
distributions x 3 grain materialsx 7 massdistribution
slopes)which give 630 unknovn parameterg;. Thisis
well aborethenumberof parameterin the Divine model,
yetthe solutionof theinverseproblemis obtainedfaster
andat muchhigheraccuray of modelcalculations.

3. AFIT TOINFRARED OBSER/ATIONS

The COBEDIRBE instrumentaccomplisheé surwey of
the sky confinedto the solarelongationdargerthan60°
andsmallerthan135°. Basedon this surwey, weekly av-
eragedsky mapswere producedwhich we processeds



moving the slight asymmetryof the zodiacalcloud with

respectto the ecliptic plane which is seenin the data
but which is not presenin the formulationof the model.
Ecliptic longitudesof the Earthat eachobsenationwere
subtractedrom theecliptic longitudesof the obsenation
directionssothatall obsenationswerereducedo a sin-
gle location of the Earth. Multiple obsenationsof the
samepositionson celestialspherewere averaged. Fig-

ure 2A showsthe emissionof the dustparticlesin 12 um

wave band.

Normalisationfactorsfor all 630 populationswerethen
iterated using the L-BFGS-B algorithm [2] to fit the
modelto the data,with the Gaussiarfunctiondescribing
thedistribution of errorsof measurements

A 2
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where(; areweightedsumsof all populationcontritu-
tionsto thei-th obsenationeachcorrespondingo aline
of sightfrom the mapon Fig. 2A. Theresultsareshavn
in Fig. 2B for the 12 ym wave band. Agreementwith
the obsenationsin the otherwave-bandsat 4.9, 25 and
60 um was good aswell, so that both the spatialnum-
berdensitiesandthespectrunof interplanetandustwere
well matchedby themodel.

In our futurework we planto improve the representation
of the infrared obsenationsas follows. Asymmetry of
zodiacalcloud with respectto the ecliptic planecanbe
introducedn the modelby a simpletransformatiorfrom
the ecliptic planeto themodel's symmetryplane.

4. A FITTOIN-SITU IMPACT COUNTS

Dustexperimentson-boardspacecraftisuallyyield a se-
guenceof impacteventsaccompaniedy inferred grain
properties spacecraftocationsandvelocities,aswell as
detectororientations.Basedon similarity of obsenation
conditionsat the time of impacts(e.g. orientationof the
detector heliocentricdistance,spacecrafivelocity) the
impactscan be sortedin bins to resole fluxesof parti-

cles moving on different orbits. Descriptionof the in-

strumentresponsdunctionis necessaryo reproducehe
impact countsin the model. In an ideal situationwhen
theinstrumentresponsdunctionis well known, Poisson
statistic§comingfrom thewell-known Poissoniardistri-

bution) canbeappliedto adjustthemodelto theobsened
impactcounts:

Residual= Y (C; — 0;InC;). (6)

J

Application of the Poissonstatisticsto dustexperiment
datayields only moderatelysuccessfulesults. Dikarev
et al. [4] constructa model basedon the sameprinci-
ples, and using slightly different populationdefinitions
(which includedustscatteredy planets)they shav that
Galileo and Ulyssesdatacan be reproducedeasonably

the Galileodataset,i.e. impactsof classe® andl1. This
may be an indication of incompletenes®f our current
modelor biasesn the datasetitself.

The calibrationof dustdetectorausuallyleaveslarge un-
certaintyfactors. For example,the accurag of massde-
terminatiorwith thedustdetectosystemDDS)installed
on GalileoandUlysses,accordingto groundcalibration,
is oneorderof magnitude Impactvelocitiesarebelieved
to be known within a factor of 2 only. The detection
thresholdof the old Pioneerl0 and11 dustexperiments
wascalibratedatimpactvelocitiesof oneto two kilome-
tresper secondandthenextrapolatedto the actualinter-
planetaryvelocitiesof tensof kilometrespersecond.The
uncertaintyof the lattermeasurements difficult to esti-
mate.

5. CONCLUSION

We proposea new interplanetaryneteoroidnodeldesign
in orderto incorporateknowledgeof the long-termdust
dynamics. The new modelis composedf populations
defineda-priori. Eachpopulationrepresentsa possible
structureof the zodiacalcloud, distribution functionsare
derived basedon theory The normalisationfactorsare
model parametergo be solved for. In this design,the
inverseproblembecomedinearwith respecto thesolve-

for parameters.It allows to solve the inverseproblem
much fasterthan previously [3,5], lessmanualwork is

necessanat the stageof formulationof the model, and
the transitionfrom theoreticalstudiesto the engineering
modelbecomesnoretransparent.

We useCOBE DIRBE remoteobsenationsand Galileo
andUlyssesmpactcountsto confirmthe applicability of
thenew designof ameteoroidnodel. Simpledistribution
functionsof interplanetarydust populationsare defined
andusedasanexample. Dataandmodelpredictionsare
shavn to bein areasonablyoodagreement.
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