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Abstract. ThePlutino28978Ixion, oneof thelargestobjectsin the KuiperBelt, is measuredy R filter photometryandlinear
polarimetryover the phaseanglerangeaswell asby BVRI coloursandvisible spectroscop Ixion is amediumredobjectwith
spectraklopeof 17.7%100nm(400-900nm). While its oppositionphasecurve suige (0.2magdey) is within the typical range
foundfor othersolarsystemobjects,it displaysunusuallyhigh negative polarization(min. —1.3%). Comparisorwith model
spectraand numericalmodelingof the oppositionbrighteningand polarizationeffectssuggestn arealmixture of absorbing
(dark) andicy (bright) compoundn its surface:the mixing ratio is about6:1 for dark andbright materialof 0.21and0.79
single-scatteringlbedoandof 250and33 dimensionlessneanfree path(lengthmultiplied by wave number) respectiely.
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1. The Plutino 28978 Ixion (2001 KX7¢)

Transneptuniambjects(TNOs) are believed to representhe
mostprimordial objectsfrom the formationperiodof the Solar
Systemthat areaccessibléo ground-basedbsenations.Yet,
TNOs arefaint (typically V > 20mag),hencedifficult to ob-
sene. Studiesof their surface compositionare cumbersome
and requirethe use of 8-10m classtelescopeslin particular
their characterizatioy polarimetricobsenationswasnot yet
attemptedsincefeasibleonly now by meansof this new tele-
scopegeneratiorandits sophisticatednstrumentation.

The TNO 28978lIxion, discoveredin 2001andpreliminar
ily designateéis2001KX ¢, belongso thedynamicalclassof
Plutinos,orbitingthe Sunin 2:3resonancevith Neptunelxion
seemdo beoneof thelargestTNOsfoundsofar. Radioobser
vationscombinedwith visual brightnessestimateqAltenhoff
etal. 2003)provide anupperlimit of 804 km for the diameter
anda geometricalbedoof 15% (basedon CBAT magnitudes;
seebelow for our estimates)lt seemgo bea slow rotatorwith
a lightcurve amplitudeof lessthan0.15mag, however the ex-
act rotation period could not yet be determined(Ortiz et al.
2003). A nearlR spectrumof Ixion taken by Licandro et al.
(2002)is flat andfeaturelessn H andK bandsand displays
amedium-steeglopetowardsthe shortwavelengthendof the
J band.Visible spectraMarchi et al. 2003) shov anintrinsic

* Basedonobsenrationscollectedatthe ESOVLT within programs
69.C-0133and167.C-0340.
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reddeningof the surfaceof 17.9%100nmanddisplaya weak
absorptiorfeatureat 800nmof uncertainorigin.

Here, we presentnen obsenationsof the Plutino 28978
Ixion obtainedat the ESO Very Large TelescopgVLT): po-
larimetry - thefirst oneever obtainedof a TNO -, photometry
and spectroscop in the visible wavelengthrange.Thesenew
obsenationscomplementhe existing obsenational database
of the objectandallow usafirst synopticmodelinginterpreta-
tion of the surfaceof this Plutino.

2. Observations and Data Reduction
2.1. Observations

New obsenationsof 28978Ixion weretakenwith the FORS1
instrument(see httpy/www.eso.og/instrumens/forsl) at the
8.2m VLT Unit Telescope3 (Melipal). We obtainedBVRI
photometry low-dispersionspectroscop in the range 350-
1000nm (grism 1501: spectrafresolution200for a 1” slit), and
aseriesof Rfilter linearpolarimetryandR filter photometry
Spectroscop and BVRI photometrywere obtainedquasi-
simultaneouslywithin 1h) on May 6, 2002,in visitor mode.
R filter polarimetryand photometrywere obtainedin service
mode, covering the phaseanglerangefrom 1.1° pre-to 1.3°
post-oppositiorat variousepochsOrdinaryandextra-ordinary
beamsof the objectfield of view wereexposedsimultaneously
with equalintegration time of 450s at 16 anglesof the 1/2
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Fig. 1. Combinedvisible (ourwork) andnearIR (Licandroetal. 2002)
spectrunof 28978Ixion. Thecontinuoudine shavs the bestfit model
with the arealmixture of compoundsasindicatedin the figure. The
reflectvity spectrums normalizedo unity at550nm.

retarderplate (0°, 22.5°, 45°, ..., 337.5°, with respectto ce-
lestial coordinatesystem).The acquisitionsequencéor imag-
ing polarimetrywith FORS1allowed us to obtain additional
broadbandmages(without polarizationoptics)to measurehe
R filter brightnessf the object.
Theusualcalibrationexposuresveretakenat eachobserv-
ing epochj.e., apartfrom biasesfor eachobservingmode,sky
flatfieldsandphotometricstandardstarsfor photometryscreen
flatfields, arc exposures spectrophotometristandardsand 2
solar analogstarsfor spectroscop (Landolt 98-978,Landolt
102-1081pothobsenedtwice pernight). Polarizedandunpo-
larizedstandardstarswereregularly obsened asto make sure
thatthe polarimetricopticswerecorrectlyorientedandthatin-
strumentapolarizationwasbelow the 1072 level.

2.2. Data Reduction

Thereductionfor the photometryandspectroscopfollowsthe
proceduredescribedn Boehnhardtet al. (2002) and Barucci
et al. (2002), respectiely, and referencegherein.End prod-
uctsof the photometryreductionarefilter magnitudescolours
and spectralgradients,of the spectroscop reflectvity spec-
trum andspectralgradients.

The reductionprocedurefor polarimetryincludesbiasand
flatfield correctiong(flatfieldsare sky imagestaken at twilight
time with no polarimetricopticsin the light path). Estimates
of Stokesq andu, normalizedto Stokes |, and definedasin
Shurclif 1962 and with g positive along the North Celestial
Meridian) areobtainedby calculating
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wheref° and f€ arethe (backgroundsubtractedfountsin the
ordinaryandextraordinarybeam respectiely, anda indicates
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Fig. 2. OppositionR filter phasecurve of 28978Ixion. Thenormalized
(for 1 AU SunandEarthdistance)magnitudeof the objectis plotted
versusphaseangle,suggestingnabsoluteR filter magnitudeof Hg ~
3.24 mag.Brokenline = bestlinearfit, solid line = modelingresults.
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Fig. 3. Phaseangleresoled polarimetryof 28978Ixion. The figure
shaws the Stokesq andu asdeterminedwith respecto thelight scat-
tering planecoordinatesystem measureaver the phaseanglerange
of the object. Broken line = bestlinear fits with slopes—1.02:0.02
%/deg for g and0.21+0.08for u, solid line = modelingresults.

the positionangle of the retarderwaveplate. The medianand
the standardieviation o of theg;; andu;; distributionsarecal-
culated,anda o-clipping algorithmis usedto rejectthoseq;;
and u;; valuesthat deviate morethan 1.5¢ from the median
of theq;; andu;; distributions.Thefinal Stokesparameteesti-
matesy’ andu’ arecalculatedby averagingthe remaining(non
rejected)q;; andu;; values We thentransformg’ andu’ into g
andu, the Stokesparametersvith respecto thelight scattering
geometryaccordingto

cos(M) q + sin(W) v’

—sin(20) g’ + cos(D) U’ (1)

u

Here® is theanglebetweerthedirectionlxion-North Poleand

thedirectionSun-Ixion,increaseaf 90°. Notethatq represents
the flux perpendicularto the scatteringplane minusthe flux

parallel to that plane divided by the sum of the two fluxes

For 28987 Ixion, all our measurementsf q are negative, the

onesfor u are basicallyzerowithin the error bars.Thus,the

maximum polarizationfalls essentiallyin the light scattering
planedefinedby thetriangle Sun-Ixion-EarthTable1l lists the

resultsof the photometryandpolarimetrymeasurements.
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Table 1. Observindog andresultsof VLT obsenationsof 28978Ixion: R bandphotometryandpolarimetrytime serieqleft), andmulticolour
photometry(right). Sun= solardistanceEarth= distanceo Earth,Phase- angleSun-TNO-obsersr. Sky conditions:THN = thin cirrus,CLR

= clear PHO = photometric

R bandpolarimetryandphotometrytime series

BVRI

Date(dd/mmyyy)
Starfend(UT)
Sun(AU)
Earth(AU)
Phasedeg)
Rior (mag)
Qoq (%)

Uoy (%)

Sky

04/04/02
07:4510:10
43.13
42.46
1.07
19.82:0.03
~1.10£0.11
0.20:0.14
PHO

20/04/02
07:0609:32
43.13
42.33
0.81
19.68:0.02
-0.84:0.11
0.06:0.14
PHO

06/05/02
07:0409:28
43.12
42.17
0.50
19.64:0.03
-051+0.11
-0.14+0.13
THN

12/05/02
05:3608:00
43.12
42.14
0.37
19.59:0.03
—0.43+0.05
-0.10+0.21
CLR

0§/06/02
04:31/06:55
43.10
42.10
0.25
19.59:0.03
~0.28+0.05
-0.02+0.11
THN

16/06/02
03:1805:45
43.10
42.13
0.43
19.55:0.04
~0.16+0.17
0.09:0.14
PHO

07/07/02
03:5406:19
43.08
4229
0.85
19.73:0.03
—-0.85+0.15
-0.10+0.13
PHO

09/07/02
03:5306:16
43.08
4231
0.88
19.73:0.03
—-0.86+0.18
0.01+0.15
PHO

30/08/02
23:5Q02:14
43.05
43.07
1.34
19.76:0.04
-1.30£0.17
0.02:0.21
PHO

Date
Starfend
Sun

Earth
Phase
Rior (mag)
B/og (mag)
V/ov (mag)
Sky

11/05/02
03:2604:35
43.16
42.15
0.40
19.61:0.02
21.24+:0.02
20.21+:0.02
PHO

3. Results and Interpretations

Absolute magnitude, colours and spectra of 28978 Ixion:
28978lIxion hasan absoluteR magnitudeof Hr = 3.24 mag
(scaledto 1 AU Sunand Earth distanceand extrapolatedto
zerophaseangle- seeFig. 2; Bowell etal. 1989).Thisimplies
geometricalbedosof about0.08in V and0.10in R (assum-
ing the upperlimit for the diameterby Altenhoff et al. 2003).
Accordingto the BVRI colours(B — V = 1.03 + 0.03 mag,
V- R = 0.60+0.03mag,R- 1 = 0.42+ 0.03 mag),28978
Ixion is a mediumred TNO with a spectralgradient(BVRI)
of 17.7 + 3.8%/100nm,i.e. closeto the maximumin the red-
deningdistribution of the Plutinos (Boehnhardtet al. 2004).
On May 6, 2002,it shoved a featurelesspectrum(Fig. 1) of
constanslope(19.8%/100nm)between400-650nmandshal-
lower gradientfrom 800-930nm(11.7%/100nm).Thespectral
slopesdeterminedrom our obsenationsarein agreementvith
thoseof Marchi et al. (2003) measuredrom spectroscoyp of
the objectobtainedthe night beforeours.However, we cannot
confirmtheir detectionof a shallov absorptiorfeaturearound
800nm. The available spectramay supportthe scenarioof a
heterogenuousurfacecompositionof 28978Ixion, asalready
foundin two otherPlutinos(de Bergh et al. 2004, Lazzarinet
al. 2002).

Interpretation:We combinedbur visible datawith thenear
infrared spectrumof Licandro et al. (2002). The combined
spectrumcoversthe wavelengthrange0.4-2.4micron. To in-
terpretthis spectrumin termsof possiblesurfacecomposition
we applythesameprocedurealreadyusedby Cruikshanketal.
(1989),Baruccietal. (2002)and Dotto et al. (2003a,b)}to ob-
tain modelspectraof simplearealmixturesof organics(kero-
gen,tholins,amorphougarbon) mineralg(pyroxenesplivine),
and ices. For eachcombinationof compoundsand percent-
ages,albedoand spectrawere computedand comparedwith
the measureddata. Assumingthe meanalbedovalue of 0.08
(seelast paragraph)our bestmodel (Fig. 1) correspondgo
anarealmixture of 13% Titan tholin, 65% amorphousarbon,
20% ice tholin, and 2% waterice. Ice tholins (McDonald et
al. 1996) and Titan tholins (Khare et al. 1993 and references
therein)are syntheticmacro-moleculacompoundsproduced
from anicy mixture of H,O and C,Hg anda gaseousnixture
of N2 andCHy. Tholinshave visible albedoof 0.04.They have
alreadybeenusedascolor agentto modelthe surfacecompo-
sition of TNOs and CentaurgDotto et al. 2003a,band refer
encestherein),in particularto achieve the red continuumof
thevisible part of the spectrum Amorphouscarbon(Zubko et
al. 1996)is a dark featurelessompoundoften usedto model

spectraof darksurfaceobjects(Baruccietal. 2002).Thewater
ice bandsat 1.5and2 micronaresomavhatuncertain put the
suggestedombinationof ice tholinsandwaterice is the most
likely possibility to reproducehe obsened spectrabehaiour
betweenl and2.4 micron.

Opposition brightening and linear polarization: Thepo-
larimetricobsenationsindicatethatthereflectedight of 28978
Ixion is polarizedin the scatteringplaneof the objectwith a
steeplydescendinglegreeof linearpolarizationq with increas-
ing phaseangle.The slopeis ~—1%/degree(identicalpre-and
postperihelionyvith theminimumvalueof —1.3%atthe (maxi-
mum)phaseangleof 1.3degreeqFig. 3). Theactualminimum
polarizationappearsiotto be coveredby the obsenations.The
polarimetricphasecurve of 28978lxion is uniqueamongthose
obsenedfor solarsystemobjectsandresemblesxperimental
measuremeni®.g.,Shkurate andOvcharenk 2002)for sam-
plesof smoked MgO (extremelybright material)andsamples
of carbonsoot(extremelydark material).

The photometric obsenations shov a steeply increas-
ing brightnesstoward the zero phaseangle,with a slope of
~0.2 magdegree (Fig. 2), rathersymmetricto opposition. It
is of interestthat both setsof obsenations(i.e. the photome-
try andthe polarimetry)canbefitted by simple straightlines.
The scatterof the brightnessvaluesarounda linear fit line is
small, suggestinghat the variability dueto rotationis small,
thusconfirmingthelightcurve analysisof the object,published
by Ortiz et al. (2003). The determinationof the rotation pe-
riod led to inconclusve resultsdueto theinsufficientcoverage
of the actualrotation phaseand due to the long time gapto
otherphotometricdataof the objects(DrechselandOrtiz, pri-
vatecommunication).

The slopeof the photometricphasecurve is in agreement
with the relevant partsof the oppositioneffectsobsened for
mary atmospherelessolar systembodies(Rosenlish et al.
2002),includingtwo TNOs,somedetailsof the Moon surface,
S-typeasteroidssatellitesof giant planetsand Saturnsrings.
However, Ixion’s polarizationis very unusual Thepolarization
obsenedfor theleading(dark)sideof lapetug—0.8% at1 deg
phaseangle;Rosenlishetal. 2002)comesclosesto thevalue
for Ixion. Themajority of thesolarsystembodiesdisplaypolar
izationvaluesbetweerD and—0.5% at 1 deg. The peculiarity
of Ixion’s polarizationis evidenceof a specificcompositionor
structureof its surfacethat could be typical for other Kuiper
Belt objects.

Interpretation: In order to explain the obsened polari-
metric and photometricobsenations,numericalcomputations
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werecarriedout for coherenbackscatterindgpy a sphericalas-
teroid coveredby discreterandommediaof Rayleighscatter
ers(Muinonen2004,Muinonenet al. 2002). The modelingin-
volvestwo parametersthe single-scatteringlbedo® < 1 and
thedimensionlessxtinctionmeanfreepathkf (k = 2/ Aisthe
wave number).

As the geometricalbedoof Ixion remainsuncertain four
single-scatteringalbedosof @ = 0.21, 0.36,0.56, and 0.79
were first chosenfor the computationsyesultingin the geo-
metric R bandalbedosof pr ~ 0.05,0.1,0.2,and0.4, respec-
tively. Approximatevaluesfor the meanfree pathswerethere-
after found by comparingthe obsenationsandthe numerical
results:with increasinga, the obsenationswere roughly fit-
tedwith k¢ = 130,60,40,and40. However, usingthesesimple
modelsjt isimpossibleto reproducehelinearity andthedepth
of theobsenedpolarimetry It doesappeafeasibleto fit theob-
senationsusingconsenrative Rayleighscatterersvith & = 1.0
(cf. Mishchenlo et al. 2000).For Ixion, however, conserative
modelingis ruled out by the slopein the obsenedspectrunof
theobject.

Subsequentlykeepingthe geometricalbedofixed at pr =
0.10,amodelwascombinedrom thedarkestandbrightestran-
dommediaabove (requiredarealratio is about6:1) with kf as
a free parameteffor both componentsThe resultingbimodal
modelwith k¢ = 250 and 33 for the dark and bright compo-
nents,respectiely, is capableof explaining the polarimetric
obsenations(Fig. 3). As to the photometricobsenations,in
additionto brighteningdueto coherentbackscatteringa sig-
nificant but neverthelesgealistic darkening of some12% per
degreedueto shadeving effectshasbeeninvokedto obtainthe
theoreticalcurve in Fig. 2. Note thatthe photometricslopeis
still somevhatuncertainso,in reality, the shadeving contribu-
tion couldbewealer.

Figs.3 and2 show thetentatve fits of the obsenationsus-
ing ourreferencenodel. Thesefits have beenreachedy “eye-
balling” within the parametespaceavailable asthe emphasis
hasbeento demonstrate¢he feasibility to explain the obsena-
tionsusinga modelof coherenbackscatteringndshadaving.
Finally, the polarimetricmodelingis in fair agreementvith the
spectroscopimodeling.

4. Conclusion

We presenthefirst polarimetricmeasurementsf aKuiperBelt
object, 28978 Ixion. Thesedatacover the maximumobserv-
ablephaseanglerangeof the objectasseenfrom Earth. They
are supplementedby the photometricphasecurve aswell as
new visible spectroscop and photometry 28978Ixion seems
to bea’normal’ mediumred Plutinowith a regularopposition
brighteningcomparedo othersolarsystembodies.Ouralbedo
estimatesn V andR dependnthesizeof the objectfor which
only anupperlimit is known. However, its negative polariza-
tion is by far the mostpronouncedneasuredn a solarsystem
body so far. Becauseof a lack of suchobsenationsfor other
TNOs, it is unclearwhetheror not the high negative polariza-
tion of 28978Ixion is a unique caseor typical for this type
of objects.Synopticmodelingof theseobsenationsincluding
otherphysicalparametersf 28978Ixion, like albedo size,ro-

tation variability, suggestshatthe surfaceof this Plutino con-
tainsan arealmixture of at leasttwo compoundswith differ-
ent single-scatteringalbedoand micro-porosity 'Areal mix-
ture’ just meansthat bright and dark particlesdo not interact
(asit would be if they were intimately mixed), i.e. they rep-
resentseparatedareasthat can cover the surfacein a homo-
geneougmanner As to the extensionof the arealvariations,
ary scalelength much larger thanthe given meanfree paths
and much smallerthanthe size of the objectis allowed. The
currentreferencanodel(invoking coherenbackscatteringnd
shadaving) consistsof two parts:(1) a dark componentwith
single-scatteringlbedow = 0.21 andmeanfree pathké = 250
and(2) a brightcomponentvith & = 0.79 andk¢ = 33.1In or-
derto reproducehe geometricalbedoof py=0.08, potentially
closeto thetrue albedoof Ixion themodelsphericabodymust
be composedf the dark and bright mediacomponentsn an
arealmixture of about6:1. The multi-compoundcomposition
scenarids compatiblewith the presenceandabsenc®f ashal-
low absorptiorfeaturenoticedin thetwo spectroscopdatasets
of theobject.
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