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ABSTRACT

We presentradiometriceffectiveradii and visual geometricalbedosfor six asteroidsn comet-likeorbits. Our
samplehasthreeof the four knownretrogradeasteroid§1999LE,,, 2000DG,, and2000HE,y) andthreeobjects
[(18916)20000G,,, 2000PG;,, and2000SB,] on progradebut highly eliptical orbits. Thesemeasurementaore
thandoublethe numberof knownalbedodor asteroidsvith a Tisserandnvariantin the cometay regime We find
thatall six of our objectsandnineof the 10 now known,havealbedoghatareas low asthoseof activecometay
nuclei,which is consistentvith their supposeavolutionay connectiorto that group.This albedodistributionis
distinct from that of the whole nearEarth and unusualasteroidpopulation,and the strong correlationbetween
Tisserandnvariantandalbedosuggestshatthereis a significantcometay contributionto this asteroidpopulation.

Subjectheadings:comets:general— minor planets,asteroids

1. INTRODUCTION

An old cometthat losesall of its availablevolatiles or is
coveredby a mantle that preventssublimationof subsuface
ice will appearobsewationally asa nearEarthor unusudl as-
teroid (NEA or UA). The dynamicallifetime of short-period
cometsis about10-100 timeslongerthanthe devolatilization
timescale(Levison & Duncan1994), so one expectsto see
suchextinct cometsif they do not disintegrateor collide with
a planet. However thereis currently no way to determine
whethera given asteroidis sucha comet(shortof witnessing
last-gaspactivity), sowe do notyetknowthefractionof extinct
cometsin theasteroidoopulation Knowing this fractionwould
give cluesto the physicalevolutionof cometsandthe hazard
to Earthfrom asteroidand cometcollisions.

Dynamicalmodelsof the cometay componentrerendered
inconclusiveby the unknownextentand durationof nongrav-
itational forceson activenuclei (Harris & Bailey 1998).Some
models(Bottke et a. 2000) canevenfit the NEA population
without a cometay source.Neverthelessthe existenceof the
now-inactivecomet107P/Wison-Harrington,which hasbeen
obsewedto havea comajust oncein the 51 yr sincediscovey
(Bowell 1992; Fernandezet al. 1997), strongly suggestshat
thereis a nonzerocometay contribution,andwe havetaken
an obsewationaltack to addresghe problem.A statisticalin-
dicatorfor the cometay origin of an asteroidcomesfrom the
albedoandorbit shape All known albedosof cometay nuclei
arelow, andalmostall innersolarsystemcometay orbits have
commoncharacteristicsThus,anasteroidn acomet-likeorbit
with a comet-likealbedois a good candidateextinct comet.

Nearlya dozenalbedosof activecometay nucleihavebeen
measuredand all are dark, with geometricalbedosranging
from 0.02 to 0.12 (Jewitt 1992; Femandez 1999). Thus, we
expectto seesimilar albedosamongthe extinct-comefraction
of NEAs and UAs. Albedo aloneis not a uniquedeterminant
of origin, howevey since there are many noncometay, dark

! Visiting Astronomerat W. M. Keck Obsewatory, whichis jointly operated
by the California Institute of Technologyandthe University of California.

2The IAU Minor PlanetCentercurrently defines‘nearEarth” asteroidsas
thosewith periheliondistanceselow1.3AU and“unusual”asteroidsasthose
that are not near Earth and residing neitherin the main belt nor wholly in
transjovianspace.
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asteroidgn the outermain belt (Gradie,Chapmang& Tedesco
1989) from which someNEAs and UAs could havecome.

The Tisserandnvariant T, (Tisserand1896), a constantof
motion in the restrictedthree-bodyproblem, can be usedto
separat@bjectsby dynamicalclass.Thethresholdl, = 3 sep-
aratesobjectscoupledto (<3) or decoupledrom (>3) Jupiter
Generally asteroidshave T, > 3, Jupiterfamily cometshave
2 < T;< 3, and Halley-family and long-period cometshave
T, < 2 (Levison 1996), athough the schemeis not fail-safe.
Thereare currently (2001 mid-April) 11 asteroidswith T; < 2,
four of which arein retrogradeorbits,and131 NEAs andUAs
with 2 < T; < 3. Thetotalnumberof NEAsandUAs s currently
1400, so0 10% have T, < 3. Among NEAs alone, 82 of 1327,
or 6%, haveT,; < 3. In this Letter we describethe radiometric
determinationof the albedosand effective radii of six T;< 3
asteroids.The Tisserandvalues,the contributing orbital ele-
ments,andthegeomety of our obserationsaregivenin Table
1. Thenewdatabring to 10 thetotal numberof T, < 3 asteroids
with known albedos.

2. OBSER/ATIONS AND REDUCTION

Theobsewationsspantwo wavelengttregimesmid-infrared
(MIR) anduvisible (simultaneouslyior four of the six objects).
TheMIR imagesvereobtainedwith theKeckl telescopeising
theLongWavelengttSpectrometeflL WS) array(Jones Puet-
ter 1993)in 2000 Juneand with the Keck Il telescopeusing
the Mid-Infrared Large-W&ll Imager(MIRLIN) array(Ressler
etal. 1994)in 2000NovemberThevisible datawereobtained
with the University of Hawaii 2.2 m telescopeusinga Tek2048
CCD in 2000July and November Table 2 givesthe averages
of the measuredlux densitiesAll objectswerepoint sources.

The MIR datawere obtainedusing choppingand nodding,
with throwsof 4”. Nonsidereauidingwasusedfor eachtarget.
Flat fields were obtainedby comparingstaringimagestaken
at both high andlow air mass.For photometriccalibrationof
LWS datawe comparedcount ratesto the following known
(12.5and17.9um) flux densitiesof standardstars:a Lyr, 26.4
and 12.9 Jy; ¢ Lib, 120.7 and 58.9 Jy; « CrB, 3.64 and
1.97 Jy; v Aql, 54.3and 27.5 Jy. For our MIRLIN datawe
usedthe following known (11.7,12.5,and20.8 um) flux den-
sities and stars:y Aql, 61.7,54.3,and 20.6 Jy; 8 Peg,313,
277,and 107 Jy; o Ari, 62.9,55.5,and21.1Jy; o« CMi, 59.7,
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TABLE 1
ORBITS AND OBSERVING GEOMETRY
a i r A «
Object (AU) e (deg) Ty UT Date(2000) (AU) (AU) (deg)
1999LE,, ...... 816 0472 152 -1.31 Jun22 5.238 5.118 11.2
Jun23 5.240 5.137 11.2
Jul 2 5267 5.311 11.0
2000HE ...... 24.3 0.903 158 —-151 Jun23 2526 2470 235
Jul 2 2562 2.689 222
2000DG; ....... 10.8 0793 129 —0.62 Nov 8 2319 1728 229
20000G,, ...... 3.88 0.581 7.33 2.74 Nov 8 1665 0920 306
2000PG,; ....... 2.83 0.859 20.5 2.55 Nov 8 1.065 0929 591
200088, ....... 334 0541 22.2 2.81 Nov 8 1554 0673 256
NoTE.—a = semimajoraxis, e = eccentricity i = inclination r = heliocentricdistanceat time of

obsewation,A = geocentridistanceattime of obsewation,anda = phaseangleat time of obsewation.

52.2,and 18.8 Jy. The valuesare derived from the standard
systemof Tokunaga(1984). Comparingraw photomety over
arangeof air masseset us find theextinctioncorrections0.12
and0.35magper air massat 12.5and17.9 um, respectively
for the Junedataand 0.08,0.10, and 0.40 mag per air mass
at 11.7,12.5, and 20.8 um, respectively for the November
data. To maximizethe signal-to-noiseratio in the photomety
we usedaperturecorrectiongderivedfrom nearbystandardstar
radial profiles.

The visible imagesvereobtainedwhile guidingon a nearby
star with siderealtracking ratesin July but nonsiderealates
in November A flat field was obtainedby combiningimages
of the blank twilight sky. Flux calibration and air-masscor
rectionswerecalculatedby measurementsf theLandolt(1992)
standardstars SA 107-457 and SA 107-456 and the PG
1323-086 groupin 2000 July and starsSA 98-966,SA 98-
1002,SA 98-L3, and SA 98-L4 in 2000 November

3. ANALYSIS

The basicradiometricmethodto obtain an effective radius
R andgeometricalbedop is to solvetwo equationswith these
two unknowns,first done by Allen (1970) and describedin

detail by Lebofsky& Spencer(1989):

Fo(hie) P,
F- ) — O] vis Rz Vis 1
VIS()\VIS) (7/1 AU)2 ™ p47|'A2, ( a)
d
Foe\) = € f B,(T(pG Q), Ay, )dQ RZT2 - (1b)
47 A

whereF is themeasureflux densityof theobjectatwavelength
A in the visible (*vis”) or mid-infrared(*mir”), Fg is the flux
densityof the Sunat Earthasa functionof wavelengthy and
A arethe object’sheliocentricandgeocentriadiistancestespec-
tively, @ is the phasefunctionin eachregime B, is the Planck
function, e is theinfraredemissivity » is a factorto accountor
infraredbeaming,andT is the temperaturewhich is a function
of p, surface planetographiposition(, andthe phaseintegral
g thatlinks thegeometri@andBondalbedosForlackof detailed
shapeandrotationainformation asis thecasedor oursix objects,
the modeledbody is assumedo be a sphere.

The temperatures calculatedusing a modelof the thermal
behavior Unfortunately the thermal inertias are largely un-
known, so we usetwo widely employedsimple modelsthat
coverthe extremesf thermalbehavior:onefor slow rotators

TABLE 2
ASTEROID PHOTOMETRY
Wavelength
Object UT Date (2000) UT Time (um) Flux Density Measuremefit
1999LE;, ...... Jun 22 07:11-07:27 125 6.35 = 0.78 mJy 2
Jun23 06:32-06:49 125 5.65+ 0.71 mJy 2
Jun23 06:17 17.9 <57 mJy’ 1
Jul 2 07:32 0.65 20.44+ 0.05mag 1
2000HE ...... Jun 23 08:01-08:20 125 294 = 1.9mJy 2
Jul 2 06:16 0.65 20.11+ 0.02mag 1
2000DG;....... Nov 8 13:06-13:12 11.7 0.382 + 0.013Jy 4
Nov 8 12:35-13:38 12,5 0.411 + 0.037Jy 13
Nov 8 12:43-13:28 20.8 0.71 = 0.15Jy 3
Nov 8 12:12-12:47 0.65 16.826+ 0.016mag 8
20000G,, ...... Nov 8 06:07-06:12 125 0.766 = 0.032Jy 3
Nov 8 06:14-06:20 20.8 0.739 = 0.079Jy 4
Nov 8 06:15-06:17 0.65 16.39+ 0.01 mag 2
2000PG,; ....... Nov 8 04:39-05:13 125 0.650 = 0.094Jy 6
Nov 8 04:43-05:15 20.8 0.60 = 0.12Jy 2
Nov 8 05:11-05:16 0.65 17.857+ 0.013mag 2
200088, ....... Nov 8 11:07-11:09 11.7 1.112 + 0.035Jy 2
Nov 8 11:02-11:48 12.5 1.139 + 0.061Jy 8
Nov 8 11:1311:40 20.8 1.48 + 0.35Jy 3
Nov 8 11:15-11:18 0.65 16.27 = 0.01 mag 2

20.65refersto R band.

® Numberof measurementthat were usedto calculatethe valuein the Flux Density column.

°Thisis a 3 ¢ upperlimit.
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TABLE 3
EFFECTIVE RADII AND GEOMETRIC ALBEDOS?

SLow ROTATOR

MODEL FAsT ROTATOR MODEL
Effective Effective
Radius  Geometric Radius Geometric
OBJECT (km) Albedo (km) Albedo
1999LE,, ...... 9.05%%  0.03158% 23.37°%%  0.0041°5%:8
2000HE,; ...... 35557 0.0238%;  6.36:5%  0.0067:555%%
2000DG; ....... 8.647%%5  0.02708% LB b
200006G,, ...... 3.870%  0.0385%7 L0 LD
2000PG, ....... 3.08%5  0.02158%7  3.49:9%°  0.015:75%F
2000SB, ....... 35708  0.019%83 L0 LD

2 With full rangesof acceptablesalues(not 1 o limits).

® The fast model gives unacceptabldits for theseobjects.

° The fast model gives generallypoorerfits andis acceptabldor only
a small spreadof radii and albedos.

and one for fast. The former (="“standardthermal model”
[STM]) appliesif therotationis so slow (or thethermalinertia
so low) that evely point on the surface is in instantaneous
equilibrium with the impinging solar radiation. The latter
(="isothermallatitude model” [ILM]) appliesif the rotation

1‘00 [ T T T T T T T

0.10

Red Geometric Albedo

7% [ | W X D 5 | SO—

0 3 6
Tisserand Invariant

Fic. 1.—Plot of Tisserandinvariant vs. all known geometricalbedosfor
T,< 3NEAsandUAs (greencircle9, T,> 3 NEAsandUAs (bluehourglasses
and comets(red square The six objectspresentedn this Letter are marked
asfilled circles with estimatedl o errors.A heavyvertical line marksthe dy-
namicalbounday T, = 3 (see§ 1). Of the 48 total asteroidplotted,11 have
comet-likealbedos,or 23%, butfully 90% (nine of 10) of thosewith T, < 3 have
comet-likeabedos.This is consistentvith a cometay origin for thoseasteroids
anda significantcometay contributionto thatdynamicalgroupof asteroidsThe
plotted datawere obtainedfrom this work, Morrison,Gradie,& Rieke (1976),
Cruikshank& Joneq1977),Lebofskyet al. (1978,1981),Lebofsky Lebofsky
& Rieke(1979),Green,Meadows& Davies(1985), Tedesc& Gradie(1987),
Bell, Hawke,& Brown (1988),Veedertal. (1989),Tedescq1992),Hudson&
Ostro(1995),Mottolaetal. (1997),Pravecet al. (1997),Harris(1998), Thomas
et al. (2000),Harris & Davies(1999),Fenandez(1999),Delbo et al. (2000),
andFemnandezet al. (2001).
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is sofast(or thethermalinertiaso high) thata sufaceelement
doesnotappreciablycool asit spinsawayfrom local noonand
out of sunlight. The extremecaseoccurswhen the object’s
rotationaxis is normalto the Sun-object-Eartlplane.

Thereare otherparameterso themodels:e, », @, P, and
g. Emissivity is closeto unity, andwe will assumea constant
valueof 0.9 here.Thebeamingparameteris unity by definition
in the ILM. In the STM, the value is known for only a few
asteroidsand canrangefrom approximately0.7 to 1.2 (Harris
1998;Harris& Davies1999).For ourapplicationof the STM,
we assumea possiblerange of 0.75< 5 < 1.25 uniformly
distributed.

For & we assumehat the magnitudescaleswith the phase
anglea: —2.5log® = Ba. IntheMIR, theeffectis only loosely
constrainedbut basedon earlierwork with the STM (Lebofsky
et al. 1986)we assumea rangeof 0.005magdeg™ < 83, <
0.017 mag deg?, uniformly distributed.For the ILM, B, =
0 by definition.In thevisible, studiedin muchmoredetail(e.g.,
by Lumme & Bowell 1981), dark asteroidsfollow g~
0.035 mag deg?, and we assumehere 0.025 mag deg™* <
B.is < 0.045 magdeg ™. This coefficientalsodetermineg, but,
sincethathasa minor effecton themodelingwe will leavethat
parametern constan®.5, the integral’'svaluefor 3, = 0.034
(Allen 1973).

Our radiusandalbedoresultsfrom this modelingare shown
in Table 3. Since we haveas many or more parameterén the
modelthan datapoints, useful x* distribution calculationsare
impossible.Instead,we found the rangeof valid R andp by
samplingparametespaceand declaringa goodfit wheneach
modelflux densitypassedwithin 1.5 ¢ of its datapoint. The
“error bars” in Table 3 actually showthe full range(not 1 o
limits) of valuesthatyield acceptabldits. For 1999LE,,, we
usedthe averageof the modelingresultsfrom the two nights
of MIR photomety.

TheSTMandILM predictvery differentcolortemperatures,
providing a way to differentiatethem. For 2000 DG,, 2000
0G,,, and 2000 SB,, only the STM providesacceptabldits.
For 2000 PG;, the ILM generallygives poorerfits andis ac-
ceptableonly for a smallrangeof radii andalbedosFor 1999
LE,, and 2000 HE,,, we haveonly one MIR wavelengthand
thus cannotfind the color temperatureWe notethat the ILM
albedosarevery small,smallerthanfor any othersolarsystem
object. This, combinedwith the generallypoorerfits, implies
that the objectsare betterinterpretedas being slow rotators,
althoughthe heliocentricdistanceof 1999 LE;, may be high
enoughto makeit a borderlinecasebetweerthe two extremes
(SpencerLebofsky & Sykes1989).

Somefurthercaveatsarenotable First, the valuesin Table3
arevalid in the contextof the thermalmodels;ithe modelsrep-
resentextremaof thermalbehaviorandthe rangesin Table3
do not describethe systematicerrorsfrom the modelsthem-
selves.However theseerrorsare likely to be comparableto
theformalerrors,so thevaluesarephysicallymeaningful Sec-
ond, rotationalvariation could corruptthe albedo calculations
for the two asteroidswith nonsimultaneou$IR and visible
photomety, which effectively increasesthe abedo errors.
Third, our obsewationsof 2000 PG, took placeat a« = 59,
which is beyondthe range of any measuredthermal phase
function, sowe do not know whetherthe standardformulafor
&, mimics reality at suchangles.

The radii of our six objectsare not unusualin comparison
with cometay nuclei (Meech,Hainaut,& Marsden2000)and
other dynamically similar asteroids(Veederet al. 1989),and
we now turn our attentionto the albedosFigurel displaysthe
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albedosand Tisserandnvariantsof our six objectsas well as
all 42 of the other known albedosof NEAs and UAs. Also
plotted are albedosof active cometay nuclei.

Whereagreviouslytherewereonly four T, < 3 asteroidon
the plot, thereare now 10, and all six nhew onesfall squarely
within the cometay regimeof albedosMoreover with these
new additionswe now seeevidenceof a trendwith T,. Ninety
percenbpf the T, < 3 asteroidhavecomet-likealbedos(median
albedois 0.038),whereasonly two of the 38 T, > 3 objectsdo
(medianalbedois 0.215).An importantbiasin thedistribution
hereis thatit is easierto discovershinierasteroidsandthus
they are overrepresenteth the sample,but neverthelesshe
differencein distributionsis quite stark.

The breakin the distributionsoccursnearthe line T; = 3,
the cutoff for Jupiter coupling, which suggestsa dynamical
relationshipwith this effect. The low albedosof nearly all
T, < 3 objectsare consistentvith asignificantfractionof extinct
cometsamongthe NEA and UA population. Specifically if
10% of NEAs and UAs have T, < 3 and 90% of thosehave
comet-likealbedos the extinctcometcandidatdractionwould
beapproximately9%. Thisisalowerlimit to theactualfraction
of candidatedecausaf the albedobias mentionedabove.

4. SUMMARY

Using MIR and visible photomety and employing the
widely usedstandardhermalmodel (STM) for slow rotators,
we havederivednew effectiveradii andgeometricalbedosfor
six asteroiddn comet-likeorbits; all six haveT; < 3. We find
the following:

1. All six objectsare dark, asdark as the albedospreadof
cometay nuclei. The radii are also similar to thoseof active
nuclei. This is consistentwith a cometay origin, as if the
asteroidsvereformerly activecometsthatlost all nearsurface
volatiles.

2. For four objectswe have photomety at two or three
MIR wavelengthsandthe STM yieldsanexcellentdescription
of the color temperaturebetterthanthe fast-rotatormodel.
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3. Plotting all 48 known NEA and UA albedos,ncluding
our six new ones,versusT, showsa markedly sharpbreak,
virtually a step function,at theline T, = 3.

4. Elevenof the 48 objectshavecomet-likealbedos:fully
90% (nine of 10) of the T; < 3 objectsbut only 5% (two of
38) of the T, > 3 objects.The medianalbedosp andtheir rms
scattersare

p =0038+ 0.043 for T,<3, (2a)

p = 0.215+ 0.147 for T,>3. (2b)

5. Thisdisparityin medianalbedosuggestshatthefraction
of extinctcometsamongNEAs andUAs is significant(at least
9% are candidatesandthatenoughcometay nucleihavesuf-
ficiently long physical lifetimes to surwive devolatilization
without disintegrating.

It is clearthat further surveys of asteroidalbedosare nec-
essay. Specifically only fourof the10 T, < 3 objectsareNEAS;
morememberof thatgroupneedto be sampledFurthermore,
with therecentexplosionin asteroiddiscoveriesandtheready
availability of sensitiveMIR detectorsa lessbiasedsampling
of albedosshouldbe undertakerio obtaina confidentestimate
of the albedodistributions.
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