
Astronomy& Astrophysicsmanuscriptno. Ixion˙v1.0 January8, 2004
(DOI: will beinsertedby handlater)

Surface characterization of 28978 Ixion (2001 KX76)
�

H. Boehnhardt1, S.Bagnulo2, K. Muinonen3, M.A. Barucci4, L. Kolokolova5, E. Dotto6, andG.P. Tozzi7

1 Max� Planck� Institut für Astronomie,Königstuhl17,D � 69117Heidelberg, Germany (hboehnha@mpia� hd.mpg.de)
2 EuropeanSouthernObservatory, AlonsodeCordova 3107,SantiagodeChile
3 Observatory, POBox 14,FIN � 00014Universityof Helsinki,Finland
4 ObservatoireParis� Meudon,5, PlaceJulesJanssen,F � 92195MeudonCedex, France
5 Departmentof Astronomy, 211SSRB,Universityof Florida,Gainesville,FL 32611� 2055,USA
6 INAF � OsservatorioAstronomicodi Roma,Via Frascati33, I � 00040MonteporzioCatone,Italy
7 INAF � OsservatorioAstrofisicodi Arcetri, LargoE. Fermi5, I � 50125Firenze,Italy

Receivedxx� xx� xxxx� acceptedyy� yy� yyyy

Abstract. ThePlutino28978Ixion, oneof thelargestobjectsin theKuiperBelt, is measuredby R filter photometryandlinear
polarimetryover thephaseanglerangeaswell asby BVRI coloursandvisiblespectroscopy. Ixion is amediumredobjectwith
spectralslopeof 17.7%� 100nm(400-900nm).While its oppositionphasecurve surge(0.2mag� deg) is within thetypical range
found for othersolarsystemobjects,it displaysunusuallyhigh negative polarization(min. � 1.3%).Comparisonwith model
spectraandnumericalmodelingof the oppositionbrighteningandpolarizatione� ectssuggestan arealmixture of absorbing
(dark) andicy (bright) compoundson its surface:the mixing ratio is about6:1 for dark andbright materialof 0.21and0.79
single-scatteringalbedoandof 250and33 dimensionlessmeanfreepath(lengthmultipliedby wave number),respectively.
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1. The Plutino 28978 Ixion (2001 KX76)

Transneptunianobjects(TNOs) are believed to representthe
mostprimordialobjectsfrom theformationperiodof theSolar
Systemthat areaccessibleto ground-basedobservations.Yet,
TNOs arefaint (typically V � 20mag),hencedi � cult to ob-
serve. Studiesof their surfacecompositionare cumbersome
and require the useof 8-10m classtelescopes.In particular,
their characterizationby polarimetricobservationswasnot yet
attemptedsincefeasibleonly now by meansof this new tele-
scopegenerationandits sophisticatedinstrumentation.

TheTNO 28978Ixion, discoveredin 2001andpreliminar-
ily designatedas2001KX76, belongsto thedynamicalclassof
Plutinos,orbitingtheSunin 2:3resonancewith Neptune.Ixion
seemsto beoneof thelargestTNOsfoundsofar. Radioobser-
vationscombinedwith visual brightnessestimates(Altenho�
et al. 2003)provide anupperlimit of 804km for thediameter
anda geometricalbedoof 15% (basedon CBAT magnitudes;
seebelow for our estimates).It seemsto beaslow rotatorwith
a lightcurve amplitudeof lessthan0.15mag,however the ex-
act rotation period could not yet be determined(Ortiz et al.
2003).A near-IR spectrumof Ixion taken by Licandroet al.
(2002) is flat and featurelessin H and K bandsanddisplays
a medium-steepslopetowardstheshortwavelengthendof the
J band.Visible spectra(Marchi et al. 2003)show an intrinsic
�

Basedonobservationscollectedat theESOVLT within programs
69.C-0133and167.C-0340.

reddeningof the surfaceof 17.9%� 100nmanddisplaya weak
absorptionfeatureat800nmof uncertainorigin.

Here, we presentnew observationsof the Plutino 28978
Ixion obtainedat the ESO Very Large Telescope(VLT): po-
larimetry - thefirst oneever obtainedof a TNO -, photometry
andspectroscopy in the visible wavelengthrange.Thesenew
observationscomplementthe existing observationaldatabase
of theobjectandallow usa first synopticmodelinginterpreta-
tion of thesurfaceof thisPlutino.

2. Observations and Data Reduction

2.1. Observations

New observationsof 28978Ixion weretakenwith theFORS1
instrument(see http:�	� www.eso.org� instruments� fors1) at the
8.2m VLT Unit Telescope3 (Melipal). We obtainedBVRI
photometry, low-dispersionspectroscopy in the range 350-
1000nm(grism150I:spectralresolution200for a1
�
 slit), and
a seriesof R filter linearpolarimetryandR filter photometry.

Spectroscopy andBVRI photometrywereobtainedquasi-
simultaneously(within 1h) on May 6, 2002,in visitor mode.
R filter polarimetryandphotometrywereobtainedin service
mode,covering the phaseanglerangefrom 1� 1 pre- to 1� 3
post-oppositionatvariousepochs.Ordinaryandextra-ordinary
beamsof theobjectfield of view wereexposedsimultaneously
with equal integration time of 450s at 16 anglesof the ��� 2
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13% Titan tholin (7 mic.) + 65% Am. Carbon (10 mic.)
+ 2% Water Ice (20 mic.) + 20% Ice Tholin (10 mic.)
V albedo = 0.08

Fig. 1. Combinedvisible(ourwork) andnear-IR (Licandroetal.2002)
spectrumof 28978Ixion. Thecontinuousline showsthebestfit model
with the arealmixture of compoundsasindicatedin the figure.The
reflectivity spectrumis normalizedto unity at550nm.

retarderplate (0 , 22� 5 , 45 , . . . , 337� 5 , with respectto ce-
lestialcoordinatesystem).Theacquisitionsequencefor imag-
ing polarimetrywith FORS1allowed us to obtain additional
broadbandimages(without polarizationoptics)to measurethe
Rfilter brightnessof theobject.

Theusualcalibrationexposuresweretakenateachobserv-
ing epoch,i.e.,apartfrom biasesfor eachobservingmode,sky
flatfieldsandphotometricstandardstarsfor photometry, screen
flatfields, arc exposures,spectrophotometricstandardsand 2
solar analogstarsfor spectroscopy (Landolt 98-978,Landolt
102-1081;bothobservedtwicepernight).Polarizedandunpo-
larizedstandardstarswereregularly observedasto make sure
thatthepolarimetricopticswerecorrectlyorientedandthatin-
strumentalpolarizationwasbelow the10� 3 level.

2.2. Data Reduction

Thereductionfor thephotometryandspectroscopy followsthe
proceduredescribedin Boehnhardtet al. (2002)andBarucci
et al. (2002), respectively, and referencestherein.End prod-
uctsof thephotometryreductionarefilter magnitudes,colours
and spectralgradients,of the spectroscopy reflectivity spec-
trum andspectralgradients.

Thereductionprocedurefor polarimetryincludesbiasand
flatfield corrections(flatfieldsaresky imagestakenat twilight
time with no polarimetricoptics in the light path).Estimates
of Stokesq andu, normalizedto Stokes I , anddefinedas in
Shurcli� 1962 and with q positive along the North Celestial
Meridian)areobtainedby calculating

qi j � 1
2
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where f o and f e arethe(backgroundsubtracted)countsin the
ordinaryandextraordinarybeam,respectively, and! indicates

Fig. 2. OppositionRfilter phasecurveof 28978Ixion. Thenormalized
(for 1 AU SunandEarthdistance)magnitudeof theobjectis plotted
versusphaseangle,suggestinganabsoluteRfilter magnitudeof HR "
3# 24 mag.Brokenline $ bestlinearfit, solid line $ modelingresults.

Fig. 3. Phaseangleresolved polarimetryof 28978Ixion. The figure
shows theStokesq andu asdeterminedwith respectto thelight scat-
teringplanecoordinatesystem,measuredover thephaseanglerange
of the object.Broken line % bestlinear fits with slopes & 1.02' 0.02
%( deg for q and0.21' 0.08for u, solid line % modelingresults.

the positionangleof the retarderwaveplate.The medianand
thestandarddeviation ) of theqi j andui j distributionsarecal-
culated,anda ) -clipping algorithmis usedto rejectthoseqi j

and ui j valuesthat deviate more than1.5) from the median
of theqi j andui j distributions.Thefinal Stokesparameteresti-
matesq* andu* arecalculatedby averagingtheremaining(non
rejected)qi j andui j values.We thentransformq* andu* into q
andu, theStokesparameterswith respectto thelight scattering
geometry, accordingto

q + cos(2, ) q*.- sin(2, ) u*
u +0/ sin(2, ) q*1- cos(2, ) u* (1)

Here , is theanglebetweenthedirectionIxion-NorthPoleand
thedirectionSun-Ixion,increasedof 902 . Notethatqrepresents
the flux perpendicularto the scatteringplane minusthe flux
parallel to that plane, divided by the sumof the two fluxes.
For 28987Ixion, all our measurementsof q arenegative, the
onesfor u arebasicallyzerowithin the error bars.Thus,the
maximumpolarizationfalls essentiallyin the light scattering
planedefinedby thetriangleSun-Ixion-Earth.Table1 lists the
resultsof thephotometryandpolarimetrymeasurements.
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Table 1. Observinglog andresultsof VLT observationsof 28978Ixion: Rbandphotometryandpolarimetrytimeseries(left), andmulticolour
photometry(right).Sun 3 solardistance,Earth 3 distanceto Earth,Phase3 angleSun-TNO-observer. Sky conditions:THN 3 thin cirrus,CLR
3 clear, PHO 3 photometric

.

R bandpolarimetryandphotometrytimeseries BVRI
Date(dd4 mm4 yy) 044 044 02 204 044 02 064 054 02 124 054 02 084 064 02 164 064 02 074 074 02 094 074 02 304 084 02 Date 114 054 02
Start4 end(UT) 07:454 10:10 07:064 09:32 07:044 09:28 05:364 08:00 04:314 06:55 03:184 05:45 03:544 06:19 03:534 06:16 23:504 02:14 Start4 end 03:264 04:35
Sun(AU) 43.13 43.13 43.12 43.12 43.10 43.10 43.08 43.08 43.05 Sun 43.16
Earth(AU) 42.46 42.33 42.17 42.14 42.10 42.13 42.29 42.31 43.07 Earth 42.15
Phase(deg) 1.07 0.81 0.50 0.37 0.25 0.43 0.85 0.88 1.34 Phase 0.40
R4 5 R (mag) 19.826 0.03 19.686 0.02 19.646 0.03 19.596 0.03 19.596 0.03 19.556 0.04 19.736 0.03 19.736 0.03 19.766 0.04 R4 5 R (mag) 19.616 0.02
q4 5 q (%) 7 1 8 106 0.11 7 0 8 846 0.11 7 0 8 516 0.11 7 0 8 436 0.05 7 0 8 286 0.05 7 0 8 166 0.17 7 0 8 856 0.15 7 0 8 866 0.18 7 1 8 306 0.17 B4 5 B (mag) 21.246 0.02
u4 5 u (%) 0.206 0.14 0.066 0.14 7 0 8 146 0.13 7 0 8 106 0.21 7 0 8 026 0.11 0.096 0.14 7 0 8 106 0.13 0.016 0.15 0.026 0.21 V4 5 V (mag) 20.216 0.02
Sky PHO PHO THN CLR THN PHO PHO PHO PHO Sky PHO

3. Results and Interpretations

Absolute magnitude, colours and spectra of 28978 Ixion:
28978Ixion hasan absoluteR magnitudeof HR � 3� 24 mag
(scaledto 1 AU Sun and Earth distanceand extrapolatedto
zerophaseangle- seeFig. 2; Bowell et al. 1989).This implies
geometricalbedosof about0.08 in V and0.10 in R (assum-
ing the upperlimit for the diameterby Altenho� et al. 2003).
According to the BVRI colours(B � V � 1� 03 9 0� 03 mag,
V � R � 0� 60 9 0� 03 mag,R � I � 0� 42 9 0� 03 mag),28978
Ixion is a mediumred TNO with a spectralgradient(BVRI )
of 17� 7 9 3� 8%� 100nm,i.e. closeto the maximumin the red-
deningdistribution of the Plutinos(Boehnhardtet al. 2004).
On May 6, 2002,it showed a featurelessspectrum(Fig. 1) of
constantslope(19.8%� 100nm)between400-650nmandshal-
lowergradientfrom 800-930nm(11.7%� 100nm).Thespectral
slopesdeterminedfrom ourobservationsarein agreementwith
thoseof Marchi et al. (2003)measuredfrom spectroscopy of
theobjectobtainedthenight beforeours.However, we cannot
confirmtheir detectionof a shallow absorptionfeaturearound
800nm.The available spectramay supportthe scenarioof a
heterogenuoussurfacecompositionof 28978Ixion, asalready
found in two otherPlutinos(deBergh et al. 2004,Lazzarinet
al. 2002).

Interpretation:Wecombinedourvisibledatawith thenear-
infrared spectrumof Licandro et al. (2002). The combined
spectrumcoversthe wavelengthrange0.4-2.4micron. To in-
terpretthis spectrumin termsof possiblesurfacecomposition
weapplythesameprocedurealreadyusedby Cruikshanketal.
(1989),Barucciet al. (2002)andDotto et al. (2003a,b)to ob-
tain modelspectraof simplearealmixturesof organics(kero-
gen,tholins,amorphouscarbon),minerals(pyroxenes,olivine),
and ices. For eachcombinationof compoundsand percent-
ages,albedoand spectrawere computedand comparedwith
the measureddata.Assumingthe meanalbedovalueof 0.08
(seelast paragraph),our bestmodel (Fig. 1) correspondsto
anarealmixtureof 13%Titan tholin, 65%amorphouscarbon,
20% ice tholin, and 2% water ice. Ice tholins (McDonald et
al. 1996)andTitan tholins (Khareet al. 1993andreferences
therein)are syntheticmacro-molecularcompoundsproduced
from an icy mixture of H2O andC2H6 anda gaseousmixture
of N2 andCH4. Tholinshavevisiblealbedoof 0.04.They have
alreadybeenusedascolor agentto modelthesurfacecompo-
sition of TNOs andCentaurs(Dotto et al. 2003a,bandrefer-
encestherein),in particular to achieve the red continuumof
thevisible partof thespectrum.Amorphouscarbon(Zubko et
al. 1996)is a dark featurelesscompoundoften usedto model

spectraof darksurfaceobjects(Baruccietal. 2002).Thewater
ice bandsat 1.5 and2 micronaresomewhatuncertain,but the
suggestedcombinationof ice tholinsandwaterice is themost
likely possibility to reproducetheobservedspectralbehaviour
between1 and2.4micron.

Opposition brightening and linear polarization: Thepo-
larimetricobservationsindicatethatthereflectedlight of 28978
Ixion is polarizedin the scatteringplaneof the objectwith a
steeplydescendingdegreeof linearpolarizationq with increas-
ing phaseangle.Theslopeis : � 1%� degree(identicalpre-and
postperihelion)with theminimumvalueof � 1.3%atthe(maxi-
mum)phaseangleof 1.3degrees(Fig. 3).Theactualminimum
polarizationappearsnot to becoveredby theobservations.The
polarimetricphasecurveof 28978Ixion is uniqueamongthose
observedfor solarsystemobjectsandresemblesexperimental
measurements(e.g.,Shkuratov andOvcharenko2002)for sam-
plesof smokedMgO (extremelybright material)andsamples
of carbonsoot(extremelydarkmaterial).

The photometric observations show a steeply increas-
ing brightnesstoward the zero phaseangle,with a slopeof
: 0.2 mag� degree(Fig. 2), rathersymmetricto opposition.It
is of interestthat both setsof observations(i.e. the photome-
try andthe polarimetry)canbe fitted by simplestraightlines.
The scatterof the brightnessvaluesarounda linear fit line is
small, suggestingthat the variability due to rotation is small,
thusconfirmingthelightcurveanalysisof theobject,published
by Ortiz et al. (2003).The determinationof the rotation pe-
riod led to inconclusiveresultsdueto theinsu� cientcoverage
of the actualrotation phaseand due to the long time gap to
otherphotometricdataof theobjects(DrechselandOrtiz, pri-
vatecommunication).

The slopeof the photometricphasecurve is in agreement
with the relevant partsof the oppositione� ectsobserved for
many atmospherelesssolar systembodies(Rosenbush et al.
2002),includingtwo TNOs,somedetailsof theMoonsurface,
S-typeasteroids,satellitesof giantplanets,andSaturn’s rings.
However, Ixion’spolarizationis veryunusual.Thepolarization
observedfor theleading(dark)sideof Iapetus( � 0.8% at1 deg
phaseangle;Rosenbushet al. 2002)comesclosestto thevalue
for Ixion. Themajorityof thesolarsystembodiesdisplaypolar-
izationvaluesbetween0 and � 0.5% at 1 deg. Thepeculiarity
of Ixion’spolarizationis evidenceof a specificcompositionor
structureof its surfacethat could be typical for otherKuiper
Belt objects.

Interpretation: In order to explain the observed polari-
metric andphotometricobservations,numericalcomputations
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werecarriedout for coherentbackscatteringby a sphericalas-
teroid coveredby discreterandommediaof Rayleighscatter-
ers(Muinonen2004,Muinonenet al. 2002).Themodelingin-
volvestwo parameters:thesingle-scatteringalbedo˜;=< 1 and
thedimensionlessextinctionmeanfreepathk> (k � 2?@�A� is the
wavenumber).

As the geometricalbedoof Ixion remainsuncertain,four
single-scatteringalbedosof ˜; � 0� 21, 0.36, 0.56, and 0.79
were first chosenfor the computations,resultingin the geo-
metricR bandalbedosof pR B 0� 05, 0.1,0.2,and0.4, respec-
tively. Approximatevaluesfor themeanfreepathswerethere-
after found by comparingthe observationsandthe numerical
results:with increasing˜; , the observationswere roughly fit-
tedwith k> � 130,60,40,and40.However, usingthesesimple
models,it is impossibleto reproducethelinearityandthedepth
of theobservedpolarimetry. It doesappearfeasibleto fit theob-
servationsusingconservativeRayleighscattererswith ˜; � 1� 0
(cf. Mishchenko et al. 2000).For Ixion, however, conservative
modelingis ruledout by theslopein theobservedspectrumof
theobject.

Subsequently, keepingthe geometricalbedofixedat pR �
0� 10,amodelwascombinedfrom thedarkestandbrightestran-
dommediaabove(requiredarealratio is about6:1) with k> as
a free parameterfor both components.The resultingbimodal
modelwith k> � 250 and33 for the dark andbright compo-
nents,respectively, is capableof explaining the polarimetric
observations(Fig. 3). As to the photometricobservations,in
additionto brighteningdueto coherentbackscattering,a sig-
nificant but neverthelessrealisticdarkeningof some12% per
degreedueto shadowing e� ectshasbeeninvokedto obtainthe
theoreticalcurve in Fig. 2. Note that the photometricslopeis
still somewhatuncertainso,in reality, theshadowing contribu-
tion couldbeweaker.

Figs.3 and2 show thetentative fits of theobservationsus-
ing our referencemodel.Thesefits havebeenreachedby “eye-
balling” within the parameterspaceavailableasthe emphasis
hasbeento demonstratethefeasibility to explain theobserva-
tionsusingamodelof coherentbackscatteringandshadowing.
Finally, thepolarimetricmodelingis in fair agreementwith the
spectroscopicmodeling.

4. Conclusion

Wepresentthefirstpolarimetricmeasurementsof aKuiperBelt
object,28978Ixion. Thesedatacover the maximumobserv-
ablephaseanglerangeof theobjectasseenfrom Earth.They
are supplementedby the photometricphasecurve as well as
new visible spectroscopy andphotometry. 28978Ixion seems
to bea ’normal’ mediumredPlutinowith a regularopposition
brighteningcomparedto othersolarsystembodies.Ouralbedo
estimatesin V andR dependonthesizeof theobjectfor which
only an upperlimit is known. However, its negative polariza-
tion is by far themostpronouncedmeasuredin a solarsystem
body so far. Becauseof a lack of suchobservationsfor other
TNOs,it is unclearwhetheror not thehigh negative polariza-
tion of 28978Ixion is a uniquecaseor typical for this type
of objects.Synopticmodelingof theseobservationsincluding
otherphysicalparametersof 28978Ixion, likealbedo,size,ro-

tationvariability, suggeststhat thesurfaceof this Plutinocon-
tainsan arealmixture of at leasttwo compoundswith di � er-
ent single-scatteringalbedoand micro-porosity. ’Areal mix-
ture’ just meansthat bright anddark particlesdo not interact
(as it would be if they were intimately mixed), i.e. they rep-
resentseparatedareasthat can cover the surfacein a homo-
geneousmanner. As to the extensionof the arealvariations,
any scalelengthmuch larger than the given meanfree paths
andmuchsmallerthan the sizeof the object is allowed. The
currentreferencemodel(invokingcoherentbackscatteringand
shadowing) consistsof two parts:(1) a dark componentwith
single-scatteringalbedo˜; � 0� 21andmeanfreepathk> � 250
and(2) a bright componentwith ˜; � 0� 79 andk> � 33. In or-
der to reproducethegeometricalbedoof pV � 0.08,potentially
closeto thetruealbedoof Ixion themodelsphericalbodymust
be composedof the dark andbright mediacomponentsin an
arealmixture of about6:1. The multi-compoundcomposition
scenariois compatiblewith thepresenceandabsenceof ashal-
low absorptionfeaturenoticedin thetwo spectroscopy datasets
of theobject.
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