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1 ABSTRACT

The Astronomical Institute of the University of Bern firssdovered in 2004 an unexpected population of
high area-to-mass ratio (HAMR) objects in GEO-like orbiBue to their unique properties, these objects
pose a major challenge in maintaining an orbit over longaetperiods. The orbits of HAMR objects at
high altitudes are strongly perturbed by solar radiatiagspure. Observations suggest that the objects have
are in a tumbling motion state. The Astronomical Institutéhe University of Bern (AIUB) has collected a
significant set of observations of HAMR objects over the pasirs. Some of the objects could be followed
over longer time intervals.

This paper addresses the task of investigating the pregeatid characteristics of HAMR objects by analyz-
ing optical observations of five HAMR objects in GEO-like iisltaken from the internal AIUB catalogue.
The dynamical properties are investigated by means of mydie orbit determination. Evolution of orbital
elements and the area-to-mass ratio over time are evaluaiterences of orbits determined with observa-
tions from a single site or combined observations of vargies are also investigated. The propagated orbits
are compared to further optical observations belongingeésame object, which serve as a ground truth.

2 INTRODUCTION

The Astronomical Institute of the University of Bern has ntained a high area-to-mass ratio (HAMR) object catalogue
since 2004 and observes HAMR objects on a regular basis. Ngects are detected with the one-meter ESA Space
Debris Telescope (ESASDT) on Tenerife, Spain, or with therd&IMmerwald SMAIl Robotic Telescope (ZImMSMART),
located in Zimmerwald, near Bern, Switzerland. ImmediaiéoW-up observations can be tasked within the night of
detection. Both telescopes are also used for regular falipwbservations for catalogue maintenance in additioheo t
one-meter ZIMmerwald Laser and Astrometric Telescopegtkat in Zimmerwald, Switzerland, as well. Maintaining a
catalogue of HAMR objects is especially challenging duéunique properties of these objects; regular obsenstion
short time intervals are mandatory. In regular orbit deteation, variations in the value of the area-to-mass ra&tldR)

was detected, first investigations were performed, i.eTh]s paper investigates the dynamical properties in greiztail
exemplary through five HAMR objects of the AIUB internal datgue in geostationary-like orbits. This unique data set
of the AIUB permits investigation of the evolution of the @sbover longer time periods. Orbits were determined both
with observations of single sites and with combined obg&ma.

3 ORBIT DETERMINATION

All orbits were determined with an advanced version of thiMeeh tool [2]. The orbit determination is based on a least
squares approach. Earth gravitational potential up torade degree 12 is used. Earth shadow passes are modeled and
corrections due to ocean and Earth tides are taken into atcasiwell as relativity corrections. Included as solve-fo
parameters are the area-to-mass ratio (AMR), as well asdi8sases are parameters that should account for asyremetri

of the observed objects, e.g., misalignment of solar panels

The area-to-mass ratio is derived from the estimated vdltleealirect radiation pressure (DRP) acceleration:
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€@ is the satellite-Sun direction under consideration oftlgiterration;’— i is the direction of the satellite with respect

to the Sun,A4 is the distance Sun-Earth, one astronomical urstthe speed of light' is the solar radiation flux, and

C the reflection coefficient. In the determination of the arhit this paper, a value af' = 2.0 was assumed, which



Table 1: Internal name, eccentricity, inclination (deg), semi major axis (km), area to mass ratio (m?/kg) and apparent magnitude
(mag) of the selected objects of the AIUB catalogue

NAME E | A AM Mag
E08241A 0.040 13.26 43200 120 16.1
E06321D 0.036 7.0 42900 256 153
E07194A 0.026 6.76 42000 3.31 16.8
E07308B 0.233 6.52 436008.93 15.9
E06293A 0.092 11.89 44000 15.30 16.8

corresponds to a full absorption (other implementatiorstiis formula for the radiation pressure without the facfo},o

in those cases a factor of 1 for the reflection coefficientesponds to full absorption)4d/m is the area-to-mass ratio.
The value for the DRP and therefore for the AMR is assumed tmobstant over the whole fit interval of observations in
orbit determination as well as in propagation.

Five objects have been chosen for a detailed investigatitbobjects were discovered and first detected by the AIUB and
are not listed in the USSTRATCOM catalogue. All of the obgeate faint debris objects, they were followed over several
years, and no maneuvers were detected. A current set chlel#ments and an average value for the apparent magnitude
are listed in Tab. 1.

All objects are in GEO-like orbits, except E07308B has areatricity significantly different from zero. For the orbit
determination, a specific controlled setup was chosen. Bi®df observations were chosen, at the end and at the begin-
ning of each fit span. To find reliable orbits, the observasiets span a time interval of at least 1.2 hours. A reliablé orb

is defined as an orbit which produces small residuals in atian; see [3]for further details. Each set of observation
consist of four to eight single observations. The overalgfian in between the sets spans between 10 and 120 days.
Although the fit spans are quite different, the orbits are garable in accuracy of propagated orbits in this specifigpset

see [3] for further details.

The orbits were first determined with observations from oheeovation site only, then with combined observations
from different sites in the setup mentioned above. The afasiens used in this investigation stem from the ESASDT,
ZIMLAT, and from several telescopes of the ISON network vided courtesy of the Keldish Institute of Applied Math-
ematics, Moscow, which supported this work in offering alsagons from additional sites.

The controlled setup was chosen, to ensure comparables orbitsuch a setup, possible error sources can be closely
monitored. The risk of introducing variations that mighgglay in the AMR values is minimized. A sparse data sampling
as in the chosen setup, with larger gaps in between obsemssis is a realistic output of optical observations.

4 EVOLUTION OF ORBITAL ELEMENTS

In the first step, the evolution of the orbital elements oiraetis inspected. In Fig. 1, the inclinations and errors gliin
nation, as determined in orbit determination, of the fiveeoty are displayed. In most of the cases, the error bars are so
small, that they are not visible in the plot. In all cases,dbkitions are closely aligned to each other, only in the c&se
object E08241A in Fig. 1 can some spread in the data be olikefe orbits from the different observation sites produce
nearly identical values. The expected decline and incrigatbes value of the inclination can be observed for all olgect
For object E06293A, which has the highest AMR value, theiiation seems not to follow a steady increase over time,
but some smaller periodic substructure seems to be supesedp This may be due to the fact, that in this AMR region,
the effect of the DRP is dominating over purely gravitaticeféects in the evolution of the orbit.

In Fig. 2 the evolution of the eccentricity values over timmaldahe errors of eccentricity, as found in orbit determi-

nation for the different objects, are orbits are display@driodic variations can be observed for all objects. Agtia,
different orbits with observations from one site only omfreombined sites results in the same eccentricity values.

5 EVOLUTION OF AREA-TO-MASS RATIO

In Fig 3, the different AMR values for the different objectsdaobservation sites are displayed. The error bars show the
error in the determined DRP parameter. In all cases, thesgdbar the AMR are not as nicely aligned as was the case for
the orbital elements in Fig. 1 and Fig. 2.

For object E08241A, the area-to-mass values seem to forrowal af values (see Fig. 3(a)), varying around a mean
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Figure 1: Inclination as a function of time for orbits of the object (a)E08241A, (b) E06321D, (c) E07194A, (d) E07308B, (€) E06293A.
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Figure 2: Eccentricity asa function of time for orbits of the object (a) E08241A, (b) E06321D, (c) E07194A, (d) EQ7308B, (e) EO6293A.
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Figure 3: Area-to-mass ratio as a function of time for orbits of the object (a) E08241A, (b) E06321D, (c) E07194A, (d) E07308B, (€)
EO06293A.

value of 1.4kg/m?. But a single value found in the orbit determination with Zwerwald observations only, has a value
of around 0.8 /m?.

For object E06321D (see Fig. 3(b)), the AMR value even seemary periodically around a value of 2% /m?, but also
values of 2.3%g/m? and 2.6%g/m? occur. The AMR value of object EO7194A (see Fig. 3(c)) seemfsim a cloud
around 3.5.g/m?, but in the orbits determined with combined observationfall the sites, also values of 4&5/m?

and 2.3kg/m? can be found.

Object E07308B (see Fig. 3(d)) seems to generally increas&NIR value over time from a value of 8k /m? up
to 9.0kg/m?. But single orbits also show AMR values of i.e. &§/m?.

For the object with the largest AMR, which is investigatedthis paper, E06293A, there may also a periodic varia-
tion over time detected, with a general trend to increasaiges over time (see Fig. 3(e)), increasing from 152310n>
to 16.510t¢g/m?2. But one orbit determined with ESASDT data also shows a valu@.210:g/m>.

To gain more insight, all orbits were propagated and contpsmefurther observations of the same object, which
were not included in the orbit determination process with @OROBS tool. The additional observations were all cross
checked by further dense data orbit determinations; theyeses a ground truth. For further details, see [4]. In Fidnet t
residuals determined between the predicted ephemerisdrbitnpropagation to the observed positions in degrees®n th
celestial sphere are displayed. The values are mean valaealbresidual values found 50 days after orbit deternidmat
and their standard deviations as error bars.

Fig. 4(a) shows, that for object E08241A, one orbit produaege residuals of 1 degree, but this orbit does not show
unusual orbital parameters or AMR value. The orbit with Zimmerwalatal which produced theutlier AMR value,
does not show up prominently in the residual plot.

In Fig. 4(b), which shows the residuals of object E06321D¢sa orbits determined with combined observations from
the Zimmerwald, ESASDT, and ISON data, show large standavéhtions in the residuals, although the mean value of
the residuals is well under 0.2 degrees. Three of the orbittdcbe identified to be the four AMR values in Fig. 3(b),
which seems not to follow the periodic variation trend; thiitwith the largest variation, however, with an AMR value
of 2.45kg/m?, seems to (coincidentally?) fit into the periodic variatiaf the AMR value. A similar observation can be
made in Fig. 4(c) in comparison with Fig. 3(c). The orbitsadetined with the observations from all sources that do not
show large overall residuals are the ones that have signifjdaigher and smaller AMR values than the other orbits. The
orbits with the highest residuals in Fig. 4(c), do show shlmAMR values with the other orbits.

A similar trend can be observed in Fig. 4(d), for object E@BB0for the two orbits out of the ISON observations, that
showed up significantly in Fig. 3(d). They also show the latg#andard deviations in Fig. 4(d). But the orbit, which has
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the largest offset compared to the mean AMR value, does ot sHarge standard variation. The orbit with the AMR
value of 10kg/m? has the largest residual for all orbits regarded here, ofi€grees. Object E06321D shows one orbit
from combined observations of the ESASDT and ISON data, wbkimows a very large residual with 3 degrees and large
standard variation, but the value does not show a signifiealoe for the AMR. The orbit out of the ESASDT observa-
tions, however, also shows a relatively large residual miost 1.5 degrees but no large variations.

In the final step, the dependency of the AMR value on the errdhé DRP parameter, as it was found in orbit deter-

mination, was investigated. For object E08241A, Fig. 5teves that the orbit, which has far the smallest AMR value,

also shows the largest DRP error, nevertheless, the absgllite of 0.06 is very small. The same situation can be ob-
served for object EO7308B in Fig. 5(d) and for object E062B3/AFig. 5(e). The area-to-mass ratios, which are far off

the mean value, show the largest DRP errors, but the absalluites are also below 0.06.

For object E06321D, Fig.5(b) shows very small DRP errorsraljewith most of the orbits below 0.01. For object
EO07194A, however, the orbit with the largest DRP value dagshow an unexpected AMR value. On the other side, the
DRP error values for the orbits with unexpected AMR valuesetamall DRP errors.

6 CONCLUSIONS

Five objects in GEO-like orbits, with area-to-mass ratituea of 1kg/m?, up to 15g/m? have been investigated. The
objects were discovered and orbits were maintained overakyears by the AIUB. Under a controlled setup, orbits were
determined with the CelMech tool from observations of stngjtes and of combined observations from different sites.
The controlled setup was chosen to be able to acquire covlparebits over time, to monitor all possible error sources
and to minimize the risk to introduce variations in the AMRuaby the sheer choice of observations.

The orbital elements were found to be consistent for all @bjeNo differences between the orbits from the different
observation sites or the orbits from combined observationdd be observed.

The AMR values of all objects showed variations. Some indita constant increase of the area-to-mass ratio value,
while others indicated a periodic variation. In generdlyvartiations were approximately 20 percent around the mean
value for this object. However, all objects also showedsimgbits with AMR values far larger and/or smaller than this
20 percent, which did not follow the general trend in the atioh of the AMR value observed in the majority of orbits.

Some of the orbits of these outliers showed either largelueds in the propagated orbits, when compared to further
optical observations with the COROBS tool. Some of them &tbavsmall mean value of the residuals, but large standard
deviations in the residuals. Others showed larger valudisirrror of the DRP parameter, which has been determined in
orbit determination, but the overall values were still tigkely small. But orbits with insignificant AMR values couddso
show either larger mean values of the residuals, or largelata variation of the residuals or large DRP values.

It can be concluded that there obviously seem to be varigiiothe current AMR values of space debris objects. Their
investigation is complex and no general rule, valid for alllits, could be found.
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