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ABSTRACT

Analysisof spaceobjectopticalobsenationsis theinves-
tigationof thelight curves obtainedby telescopesLight
curvesgive anopportunityto pick up athree-dimensioal
model of the obsened object, its mass-inertialchaac-
teristicsand parameter®f motion aroundthe centerof
mass.

Optical obsenation analysiswas usedfor the invesiga-
tion of propertiesandcharacteristicef spaceobjectswith

high area-to-masgatios(HAMR). It allowsto make rea-
sonableassumptionsiboutthe geometricshapeandatti-

tude of HAMR objectswhich improvesthe accurag of
theorbit’s prediction.

Also optical obsenationsin comparisonwith the simu-
lation male it possibleto determinethe natureof sakl-
lites fragmentatiorandassesgéts negative effects. Thus,
the resultsof obsenation analysisof the Russianupper
stage”’BREEZE-M" (internationalnumberof launchis
2012-044)after its explosionin October2012led usto
the conclusionaboutthe nature of the explosion.
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1. INTRODUCTION

Opticalobsenationsarewidely usedfor theinvestigation
of spacedebrisin variousEarthorbits. In somecasegif
somea priori informationis known or the light curves
behae specially it's possibleto estimataifferentphysi-
cal propertiesof the spaceobjectby the resultsof optical
measurements.

Two groupsof spae debrisobjectswere selectedo be
analyzedoy opticalobsenations.

The first group includesthe objectswith high areato-
massratios (HAMR) in nearGEO orbits. Theseobjects
have quickly changingorbit parameterdecauseof so-
lar radiationpressure. Lack of information aboutsize,
shapeandtumblingmotionof suchdebrisimpairstheac-
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curag of orbit predicion, impedeshe maintenancend
re-identificationof HAMR objects.

The secondgroup includes some fragmentsof the re-
centspacecraftlestructions.The studyof objectsin the
"cloud” of fragmentsallows to draw corclusionsabout
the natureof the destructionthe number of fragments,
fragmentshapesndsizedistribution.

TSNIIMASH and ISTP have beenperformingjoint in-
vestigationsof debrisfor severalyears.Thisinvolvesthe
analysisof boththe currentard the "dead” satellitesand
unknavn debrisaboutwhich thereis no apriori informa-
tion. Since2008ISTP hasperformedperiodic obseva-
tions of HAMR objects. In late 2012- early 20131STP
providedobsenationsof "BREEZE-M” upperstagefrag-
ments.

Thepapempresentsomeresultsobtainedrom optical ob-
senationsof the objectsmentionedaborve.

2. ISTP - OBSERVATIONS

ISTPperformsobsenationsof satellitesandspacedebiis
in SayanSolarObsenatory The obsenratoryis locaed
in the mountainsat an altitude of 2000m. The equp-
mentincludesAZT-14A (automatictelescopeD = 480
mm, focallength— 2320mm) and AZT-33IR (infrared
telescopeD = 1600mm, focd length— 30 m).

ISTPis ableto acquirespaceobjectdata ofdifferenttypes
suchas light curves (brightnessvariations of an object
over time) in differentspectralranges,optical andther-
malimagegfor largeobjectsin LEO).[1,2] ISTPis capa-
ble of performingoptical obsenatons of variouseverts
in low orbits.

3. TSNIIMASH - DATA ANALYSIS

The investigation of light curveshelpsto determire the
physical characteristicef the obsened object. Thetime
andthe durationof the obsenation, the relative posiion



of theobject,theobsenrer, theEarthandthe Sunaretaken
into account. The next stepis to conside the various
optionsfor the objects shape,orientation, rotation pa-
rametersandoptical properties For eachcasean optico-
geometrianodelis formed. Theobjed is representedisa
setof polygonswith a certainorientation.Theflux in the
directionof the obserer is calculated.The maintaskis
to determinghe casethatproduceghebestfit of thesim-
ulatedlight curve andthelight curve obtainedby optical
obsenations.

4. HAMR OBJECTS

The analyss of the HAMR objectsmotion is hampeed
becausef thelack ofapriori informationabouttheir ge-
ometric shapeand orientation Solar radiationpressire
causeshe perturbingacceleratiorthatis directly propor
tional to the instantcrosssectionof the object. That's
why a rotating object of irregular shapehasa conmplex
evolving orbit. Solarradiationpressureesultsin periodic
fluctuationsof eccentricityandinclination. Thelifespan
of HAMR objectscanlastfor tensof years.[3,4,bA set
of various factors, that has an influenceon the evolu-
tion of HAMR objectsorbit, wasstuded. Theinvesiga-
tion confirmedthatthe satishctorypredictionof the orbit
wasfeasibleprovided thatthe accuratedataon the size,
attitude,geometry rotation axes position, direction and
speedof the objectrotationare known.[6] The availabil-
ity of thesedatamakesit possibleto calculatethe max-
imal areaof secton perpendiculato the directionto the
Sunin every time point.

In 2011 ISTP obsered about30 HAMR objectswith

area-to-massatio of more than1 m2/kg. Photometric
measurements the visible rangewere obtained. The

specifictaskwasto identify thecharacteristicsf thelight

cunwes,in particular the presenceor the absenceof pe-

riodic brightnessvariations. The obsenationswere per-

formedin themodeof theobjed ephemés tracking. The

exposurdevel anddurationof theserieswvereselectedn-

dividually for eachseriesof obsenations.The starsfrom

the catalogof Landolt photometre standardsvere used
for calibrationmeasurementd’he meanvalue ofthe ob-

senedfragmentlight rangedrom 15to 18.5magnituas,
light amplitude— from 0.2 to 2.5 magnitudes,rotation

periods— from 13to 68 secomls.

The light curves of the obsened objectshave different
shapes— from 2 to 7 peaksfor the period. A large num-
berof peaksmay indicate,thatthereare mary reflectve
detailson the surfaceof the object.

TSNIlImashperformeda detailedanalysisof one of the
obsened objects. The selectedobject hasthe highest
area-to-masgatio value(in compliancewith the ballistic
calculations)andthe mostunstableorbit. The obseva-
tionsof this objecthave beenconductedsince2008. Two
orbit parameterdatablocks were consideed, relatingto
2009and2011,respectiely. In 2009theaveragevalue of
area-to-masgatiowascalculatedo beabout12.7m?/kg,
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Figure 1. Thesimulatedlight curve (blue) andthelight
curve obtainedby optical observationgred) for the ob-
servedHAMR object

‘y

Figure 2. Theestimatedshae of the HAMR object

asopposedo about17.3m?/kg in 2011. This inequal-
ity may be explained by the suggestiorthat the object
changedts orientaton betweerthesewo obsenationpe-
riods. Theobsenationsof the objecin 2011revealedthe
objectbrightneso<illationswith amplitudeof 2.5 mag-
nitudes.Mathematicakimulationgivesthe bestfit of the
calculatedand the observed light curves for the object
with the shapeof a truncatedconeshelllike "dish” with
aradiusof 2 metes. Figurel shows boththe calculaed
light curve andthe obsered light curve, Figure2 shavs
the estimatedshapeof the object.

5. "BREEZE-M" FRAGMENT ANALYSIS

The launch rocket "Proton-M” with the upper stage
"BREEZE-M", the Russiarsatellite’Express-MD2"and
the Indonesiansatellite"Telkom-3” was launchedon 6
August2012from the BaikonurCosmodrone. Themain
engineof "BREEZE-M” cut off prematurelythe upper
stageandthe satelliteswere stranad in an elliptical or-
bit with parameter260 km x 5030km. The auxiliary
propellanttank (APT) hadnot beenseparatedtherebre
morethan5 tons of propelantwasleft in theupperstage.
In a few monthsthe perigeealtitude of "BREEZE-M"

decreasedandit explodedon 160ctober2012,creaing
thousand®f new debris.[7]



Figure 3. Thegenerl view of " BREEZE-M”"

Figure 4. The developed optico-geometric model of
"BREEZE-M” (assembledAPT and core sectionsepa-
rately)

In NovemberDecember2012 Sayan Obsenatory ob-
senedthebasicpartof the upperstageandits fragments.
The following objectswere measured:2012-044C(ba-
sic part), 2012-044T 2012-044AA,2012-044/C, 2012-
044AL, 2012-044BY(smallerfragments).For every ob-
jectseverallight curveswere acquired.

An optico-geometrianodel,applicableto theupperstage
"BREEZE-M”, was developedon the basisof informa-
tion from open publishedpapers. Figure 3 shaws the
generalview of "BREEZE-M". The developedoptico-
geometrianodelis shavn in Figure4.

On 8 DecembeR012thelaunchrocket”Proton-M” with
the similar upperstage”’BREEZE M” andthe Russan
satellite”Y amal-402"waslaunched.SayanObsenatory
performedobservationsof the coresection(2012-00B)
and the APT (2012-070C).The obtainedlight curves
were usedfor the verification of the developedoptico-
geometrianodel. Thesimulatedight curve andthelight
curve obtainedby theopticalobsenationscoinciderather
precisely

Analysisof thelight curves ofthe upperstage basipart
2012-044Cindicatedthat the simulatedlight curve and
thelight curve obtainedby the optical obserationscor-
respondo eachotheronly if we assumehe end faceof
the upperstageto be completelyblack. Therefore,the
optico-geometricaiodel without bottom stells of core
sectionand APT was selectedfor the detailedanalysis.
Figure5 shows the selectednodeof the opticogeometi-
calmodel.Figures6, 7, 8, 9,10, 11 shavs the simulaed
light curvesin comparisorwith thelight curvesobtained
by the obsenationsfor the basic part2012-044C.

Figure 5. The optico-geometical modelof "BREEZE-
M” selectedfor the detailed analysis (without bottom
shells)
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Figure 6. Thesimulated(blue) and obtained(red) light
curvesfor the basic part of "BREEZE-M” 2012-041C
22.11.20122:49
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Figure 7. Thesimulated(blue) and obtained(red) light
curvesfor the basic part of "/BREEZE-M” 2012-041C
28.11.201221:30
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Figure 8. Thesimulated(blue) and obtained(red) light
curvesfor the basic part of '/BREEZE-M” 2012-Q14C
04.12.201214:29
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Figure 9. Thesimulated(blue) and obtained(red) light
curvesfor the basic part of "/BREEZE-M” 2012-G14C
15.12.201211:44
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Figure 10. Thesimulated(blue) and obtained(red) light
curvesfor the basic part of "/BREEZE-M” 2012-G14C
16.12.201211:30
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Figure 11. Thesimulated(blue) and obtained(red) light
curvesfor the basic part of "/BREEZE-M” 2012-041C
19.12.201213:34

The analysisof the "BREEZE-M" fragmentswas per
formedto make assumptionsabouttheir sizesand geo-
metricalshapes.

To estimatethe sizes,the fragmentswere simulatedas
sphereswith As = 0.4. Using the valuesof obseved
brightnesgheir charateristicsizeswereestimatedasfol-
lows: 2012-044T— R = 0.07m, 2012-044AA— R =
0.24m, 2012-044AC — R = 0.15m, 2012-044AL— R
=0.40m, 2012-044BY— R =0.11 m.

The shapeof spaceobjectsignificantlyaffectsthe shape
of its light curve. For instanceijf the objecis flat (pieces
of MLI), its light curve is expectedto have periodical
sharppeaksrelatedwith the chaot rotation of the ob-
ject. On the contrary spterical objects(sphericaltarks,
gas battles) have rather smoothlight curve. Conical
andcylindrical objeds (jet nozzles pipelines)have light
curveswith smoothpeaks But this shapeestimationis
very approximateandinaccurae.

Theobjects2012-044AC and2012-044ALareestimaded
to beflat, 2012-044AA— spherical. The objects2012-
044Tand2012-044BYaresupposedo becylindricaland
conical,respectiely, but weresimulatedassphereso es-
timatethesizes.

The objects2012-044AC and2012-044ALaresuppsed
to be MLI pieces,2012-044Tand2012-044BY — frag-
mentsof engineor pipelines.Theobject2012044AA is
the mostinteresting becausats edimatedsizeandlight
curve behaior agreewith the characteristicef a sphei-

cal gasbottle.

Figuresl2, 13, 14, 1516 show thesimulatedlight curves
in comparisowith thelight curvesobtainedby theobsr

vationsfor the objects2012-044AA,2012-044T 2012-
044BY and 2012-044AL. For the object2012-044L

two alternatves are given to confirm the shapeestina-
tions (the object was simulated as a sphereand as flat
square).

It should be notedthat the upper stage’BREEZE-M"
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Figure 12. The simulatedlight curve (blue)in comgr-
ison with the light curve obtained by the observatbns
(red)for thefragment2012-044AAsimulatedasa sphere
r=0.24m,18.11.201218:19
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Figure 13. The simulatedlight curve (blue)in comgr-
ison with the light curve obtained by the observatbns
(red)for thefragment2012-044Tsinulatedasa spheer
=0.07m,17.11.201217:32
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Figure 14. Thesimulatedlight curve (blue)in comgar-
ison with the light curve obtained by the observatons
(red)for thefragment2012-044BYsimulatedasa sphee
r=0.11m,17.11.201217:23
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Figure 15. The simulatedlight curve (blue)in comgr-
ison with the light curve obtained by the observatbns
(red)for thefragment2012-044ALsimulatedasa sphee
r=0.4m18.11.201218:12

time (sec)
3

0 1 2 4 5 6

10 —\/\/\}

- -
N o

13 \‘Q
14 \

\
15

magnitude
o

Figure 16. The simulatedlight curve (blue) in com-
parison with the light curve obtainedby the obsewa-
tions(red)for thefragment2012-044Alsimulaedasflat
squae 18.11.201218:12



2012-044destructiorhada numberof features.The de-
structionis suppaedto be parial: theupperstagewvasnt
entirelycrushedbput anumberof piecesverethrown out.
Apogeeand perigeealtitudesof mostfragmentsare be-
low thealtitudeof the basicpart,thereforethe exploson
wasdirectedagainsttheflight course . Theestimateizes
andthe shapef the obsered fragmentsagreewith the
characteristicef the elementsat the bottomof the upper
stage. The greatnumberof fragmentsconfirmsthe as-
sumptionthatthe explosionoccurredatthe bottomof the
upperstageanddestrgyedthe propulsionsystem.

6. CONCLUSIONS

In the paperthe resultsof TSNIIMASH andISTP joint
investigationsaredescribed.Two classe®f spacedelris
wereconsiered.Thelight curves of sgeralobjectswere
obtained. The optico-geometricamodels applicableto
theseobjeds weredeveloped.Thesimulatedight curves
were comparedwith the light curves obtainedby opti-
cal obsenrations. The resultsconfirm that somephysical
characteristicof spaceobjects can be definedby light
curve investigation undercertainconditions. Thus, this
methodmaybe usedfor increaingorbit predictionaccu-
ragy or makingassumptiongelatedtio thedestrutionsin
space.
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