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ABSTRACT
e

W
f

e presentradiometriceffectiveradii andvisual geometricalbedosfor six asteroidsin comet-likeorbits. Our
sampleg hasthreeof the four knownretrogradeasteroids(1999LE31

h ,i 2000DG8
j ,i and2000HE46

k )
l

andthreeobjects
[(18916)2000OG44,i 2000PG3

h ,i and2000SB1]
m

on progradebut highly elliptical orbits.Thesemeasurementsmore
than
n

doublethenumberof knownalbedosfor asteroidswith a Tisserandinvariantin thecometary regime.Wefind
that
n

all six of our objects,andnineof the10 now known,havealbedosthatareas low asthoseof activecometary
nuclei,which is consistentwith their supposedevolutionary connectionto that group.This albedodistributionis
distinct
o

from that of the whole near-Earth and unusualasteroidpopulation,and the strong correlationbetween
Tisserandinvariantandalbedosuggeststhatthereis a significantcometary contributionto thisasteroidpopulation.

Subject
p

headings:comets:q general— minor planets,asteroids

1. INTRODUCTION

An old comet that losesall of its availablevolatiles or is
coveredq by a mantle that preventssublimationof subsurface
ice
r

will appearobservationally asa near-Earthor unusual2
s

as-t
teroid
n

(NEA or UA). The dynamicallifetime of short-period
cometsq is about10–100 timeslongerthanthe devolatilization
timescale
n

(Levison & Duncan1994), so one expectsto see
suchg extinct cometsif they do not disintegrateor collide with
at planet. However, there is currently no way to determine
whetheru a given asteroidis sucha comet(shortof witnessing
last-gasp
v

activity), sowedonotyetknowthefractionof extinct
cometsq in theasteroidpopulation.Knowing this fractionwould
givew cluesto the physicalevolutionof cometsandthe hazard
to
n

Earth from asteroidandcometcollisions.
Dynamicalmodelsof thecometary componentarerendered

inconclusive
r

by the unknownextentanddurationof nongrav-
itational forceson activenuclei (Harris& Bailey 1998).Some
modelsx (Bottke et al. 2000)can evenfit the NEA population
withoutu a cometary source.Nevertheless,the existenceof the
now-inactivecomet107P/Wilson-Harrington,which hasbeen
obsery vedto havea comajust oncein the51 yr sincediscovery
(Bowell
z

1992; Fernándezet al. 1997), strongly suggeststhat
there
n

is a nonzerocometary contribution,and we havetaken
ant observational tack to addressthe problem.A statisticalin-
dicator
o

for the cometary origin of an asteroidcomesfrom the
albedot andorbit shape.All knownalbedosof cometary nuclei
aret low, andalmostall innersolarsystemcometary orbitshave
commonq characteristics.Thus,anasteroidin acomet-likeorbit
withu a comet-likealbedois a goodcandidateextinct comet.

Nearly
{

a dozenalbedosof activecometary nucleihavebeen
measured,and all are dark, with geometricalbedosranging
from
|

0.02 to 0.12 (Jewitt 1992; Fernández1999). Thus, we
expect} to seesimilar albedosamongtheextinct-cometfraction
ofy NEAs andUAs. Albedo aloneis not a uniquedeterminant
ofy origin, however, since there are many noncometary, dark

1 V
~

isiting Astronomerat W. M. KeckObservatory, which is jointly operated
by
�

the California Instituteof Technologyand the University of California.
2 The IAU Minor PlanetCentercurrentlydefines“near-Earth” asteroidsas

those
�

with periheliondistancesbelow1.3AU and“unusual”asteroidsasthose
that
�

are not nearEarth and residingneither in the main belt nor wholly in
transjovian
�

space.

asteroidst in theoutermainbelt (Gradie,Chapman,& Tedesco
1989) from which someNEAs andUAs could havecome.

The
�

Tisserandinvariant (Tisserand1896), a constantofT
�

J
�

motion in the restrictedthree-bodyproblem,can be usedto
separateg objectsby dynamicalclass.Thethreshold sep-T

���
3
�

J
�

aratest objectscoupledto (� 3)
�

or decoupledfrom (� 3)
�

Jupiter.
Generally
�

, asteroidshave , Jupiter-family cometshaveT
���

3
�

J
�

,i and Halley-family and long-period cometshave2
�N�

T
���

3
�

J
�

(Levison
z

1996), although the schemeis not fail-safe.T � 2J
�

There
�

are currently(2001mid-April) 11 asteroidswith ,T
���

2
�

J
�

four of which arein retrogradeorbits,and131NEAs andUAs
withu . Thetotalnumberof NEAsandUAs is currently2

���
T
���

3
�

J
�

1400,so 10% have . Among NEAs alone,82 of 1327,T � 3
�

J
�

ory 6%, have . In this Letter we describethe radiometricT � 3
�

J
�

determination
o

of the albedosand effective radii of six T
���

3
�

J
�

asteroids.t The Tisserandvalues,the contributingorbital ele-
ments,x andthegeometry of ourobservationsaregivenin Table
1. Thenewdatabring to 10 thetotalnumberof asteroidsT � 3

�
J
�

withu known albedos.

2. OBSERVATIONS AND REDUCTION

The
�

observationsspantwo wavelengthregimes,mid-infrared
(MIR)
z

andvisible (simultaneouslyfor four of thesix objects).
The
�

MIR imageswereobtainedwith theKeckI telescopeusing
the
n

LongWavelengthSpectrometer(LWS)array(Jones& Puet-
ter
n

1993) in 2000 Juneand with the Keck II telescopeusing
the
n

Mid-InfraredLarge-Well Imager(MIRLIN) array(Ressler
et} al. 1994)in 2000November. Thevisible datawereobtained
withu theUniversityof Hawaii 2.2 m telescopeusingaTek2048
CCD
�

in 2000July andNovember. Table2 givesthe averages
ofy themeasuredflux densities.All objectswerepoint sources.

The MIR datawereobtainedusingchoppingandnodding,
withu throwsof 4� . Nonsiderealguidingwasusedfor eachtarget.
Flat
�

fields were obtainedby comparingstaringimagestaken
att both high and low air mass.For photometriccalibrationof
L
�

WS datawe comparedcount ratesto the following known
(12.5
z

and17.9 � m) flux densitiesof standardstars: � Lyr, 26.4
andt 12.9 Jy; � Lib,

�
120.7 and 58.9 Jy;   CrB,

�
3.64 and

1.97 Jy; ¡ Aql, 54.3 and 27.5 Jy. For our MIRLIN datawe
used¢ the following known(11.7,12.5,and20.8 £ m) flux den-
sitiesg and stars: ¤ Aql,

e
61.7, 54.3, and 20.6 Jy; ¥ Peg,

¦
313,

277,and107 Jy; § Ari, 62.9,55.5,and21.1Jy; ¨ CMi,
�

59.7,
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TABLE 1©5ª«
¬
�®�̄�°�±³²µ́�¶
·¹̧º:»
¼�½N¾µ¿�À:Á+¿�Â¹ÃÄ

Object
a

(AU) e
i

(deg) TJ
Å UT

Æ
Date(2000)

r
(AU)

Ç
(AU)

È
(deg)

1999LE31 . . . . . . 8.16 0.472 152 É 1.31 Jun22 5.238 5.118 11.2
Jun
Ê

23 5.240 5.137 11.2
Jul
Ê

2 5.267 5.311 11.0
2000HE46 . . . . . . 24.3 0.903 158 Ë 1.51 Jun23 2.526 2.470 23.5

Jul
Ê

2 2.562 2.689 22.2
2000DG8 . . . . . . . 10.8 0.793 129 Ì 0.62 Nov 8 2.319 1.728 22.9
2000OG44 . . . . . . 3.88 0.581 7.33 2.74 Nov 8 1.665 0.920 30.6
2000PG3 . . . . . . . 2.83 0.859 20.5 2.55 Nov 8 1.065 0.929 59.1
2000SB1 . . . . . . . 3.34 0.541 22.2 2.81 Nov 8 1.554 0.673 25.6ÍÏÎ�Ð�Ñ�ÒPÓ

axis, , , distanceat time ofa Ô semimajor e Õ eccentricity i Ö inclination r × heliocentric
observation, distanceattimeof observation,and angleat timeof observation.

ØÚÙ
geocentric ÛÝÜ phaseÞ

T
ß

ABLE 2à�á
â�ã¹äå:æ
ç'èêéë�ì�ë�í+î�ì¹ïñð

Object UT Date(2000) UT Time
W
ò

avelengtha

(ó m) Flux Density Measurementb
ô

1999LE31 . . . . . . Jun 22 07:11–07:27 12.5 6.35 õ 0.78 mJy 2
Jun
Ê

23 06:32–06:49 12.5 5.65 ö 0.71 mJy 2
Jun
Ê

23 06:17 17.9 ÷ 57 mJyc 1
Jul
Ê

2 07:32 0.65 20.44 ø 0.05 mag 1
2000HE46 . . . . . . Jun 23 08:01–08:20 12.5 29.4 ù 1.9 mJy 2

Jul
Ê

2 06:16 0.65 20.11 ú 0.02 mag 1
2000DG8 . . . . . . . Nov 8 13:06–13:12 11.7 0.382 û 0.013Jy 4

Nov
ü

8 12:35–13:38 12.5 0.411 ý 0.037Jy 13
Nov
ü

8 12:43–13:28 20.8 0.71 þ 0.15 Jy 3
Nov
ü

8 12:12–12:47 0.65 16.826 ÿ 0.016mag 8
2000OG44 . . . . . . Nov 8 06:07–06:12 12.5 0.766 � 0.032Jy 3

Nov
ü

8 06:14–06:20 20.8 0.739 � 0.079Jy 4
Nov
ü

8 06:15–06:17 0.65 16.39 � 0.01 mag 2
2000PG3 . . . . . . . Nov 8 04:39–05:13 12.5 0.650 � 0.094Jy 6

Nov
ü

8 04:43–05:15 20.8 0.60 � 0.12 Jy 2
Nov
ü

8 05:11–05:16 0.65 17.857 � 0.013mag 2
2000SB1 . . . . . . . Nov 8 11:07–11:09 11.7 1.112 � 0.035Jy 2

Nov
ü

8 11:02–11:48 12.5 1.139 � 0.061Jy 8
Nov
ü

8 11:11–11:40 20.8 1.48 � 0.35 Jy 3
Nov
ü

8 11:15–11:18 0.65 16.27 	 0.01 mag 2
a 0.65 refersto R



band.
�

b
ô

Number
ü

of measurementsthat wereusedto calculatethe value in the Flux Densitycolumn.
c This is a 3 � upper� limit.

52.2,


and 18.8 Jy. The valuesare derivedfrom the standard
systemg of Tokunaga(1984).Comparingraw photometry over
at rangeof air masseslet usfind theextinctioncorrections:0.12
andt 0.35 magper air massat 12.5and17.9 � m,x respectively,
for the Junedataand 0.08, 0.10, and 0.40 mag per air mass
att 11.7, 12.5, and 20.8 � m,x respectively, for the November
data.
o

To maximizethe signal-to-noiseratio in the photometry
weu usedaperturecorrectionsderivedfrom nearbystandardstar
radial� profiles.

Thevisible imageswereobtainedwhile guidingon anearby
starg with siderealtracking ratesin July but nonsiderealrates
in November. A flat field wasobtainedby combiningimages
ofy the blank twilight sky. Flux calibrationand air-masscor-
rections� werecalculatedbymeasurementsof theLandolt(1992)
standardg stars SA 107-457 and SA 107-456 and the PG
1323� 086

�
group in 2000 July and starsSA 98-966,SA 98-

1002,SA 98-L3, andSA 98-L4 in 2000November.

3.
�

ANALYSIS

The
�

basicradiometricmethodto obtainan effective radius
R andt geometricalbedop� is to solvetwo equationswith these
two
n

unknowns,first done by Allen (1970) and describedin

detail
o

by Lebofsky& Spencer(1989):

F (
z��

)
l ��

vis� vis2
s

F
�

(
z��

)
l�� �

R p
�

, (i 1a)vis� vis 2 2
s

(
z
r /1! AU) 4"$#

%'&
mir(2

s
F
�

(
z�)

)
l�*,+

B
-

(
z
T
�

(
z
pq� ,i/. ),

l10
)
l
d
243

R
�

,i (1b)mir( mir 5 mir( 2
s

46$7
whereu F

�
is
r

themeasuredflux densityof theobjectatwavelength8
in the visible (“vis”) or mid-infrared(“mir”), is the fluxF9

density
o

of the Sunat Earthasa functionof wavelength,r andt:
aret theobject’sheliocentricandgeocentricdistances,respec-

tively
n

, ; is
r

thephasefunctionin eachregime, is thePlanckB
-=<

function, > is the infraredemissivity, ? is a factorto accountfor
infraredbeaming,andT is the temperature,which is a function
ofy p� ,i surfaceplanetographicposition @ ,i andthe phaseintegral
qA that
n

links thegeometricandBondalbedos.Forlackof detailed
shapeg androtationalinformation,asis thecasefor oursixobjects,
the
n

modeledbody is assumedto be a sphere.
The
�

temperatureis calculatedusinga modelof the thermal
behavior
B

. Unfortunately, the thermal inertias are largely un-
known, so we use two widely employedsimple modelsthat
coverq the extremesof thermalbehavior:onefor slow rotators
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TABLE 3CEDFDHGJILKNMNOPGRQTSPUFV VXWPY'Z\[E]_̂F̀a]cbJd_e fhg/i_j_k_lPmPn a

o$pNqHrJsLt

uPv_wFxzyT{}|c~}|_{F����P�}�c� ���P�N�R�T�P�_�P�_�F�h���}�P�_�
Effective
�
Radius
(km)

Geometric
Albedo
�

Effective
�
Radius
(km)

Geometric
Albedo
�

1999LE31 . . . . . . � 4.049.05� 2.71 � 0.0300.031� 0.020 23.3 � 2.937 � 2.67 0.0 � 0.0018041� 0.0014

2000HE46 . . . . . . � 1.103.55  0.78 ¡ 0.0210.023¢ 0.013 6.3 £ 0.296 ¤ 0.28 0.0 ¥ 0.0022067¦ 0.0021

2000DG8 . . . . . . . § 2.268.64̈ 1.83 © 0.0220.027ª 0.015 …b
ô

…b
ô

2000OG44 . . . . . . « 0.503.87¬ 0.40  0.0180.038® 0.017 …b
ô

…b
ô

2000PG3 . . . . . . . ¯ 1.423.08° 0.95 ± 0.0310.021² 0.017 3.4 c
³

0.219 ´ 0.19 0.0 c
µ

0.00715¶ 0.009

2000SB1 . . . . . . . · 0.923.57̧ 0.62 ¹ 0.0150.019º 0.010 …b
ô

…b
ô

a W
ò

ith full rangesof acceptablevalues(not 1 » limits).
b The fast modelgivesunacceptablefits for theseobjects.
c The fast modelgivesgenerallypoorerfits and is acceptablefor only

a small spreadof radii andalbedos.

¼P½ ¾À¿
1.—Plot of Tisserandinvariant vs. all known geometricalbedosfor

NEAs
ü

andUAs (greenÁ circles), NEAsandUAs (bluehourglasses),T Â 3 T Ã 3J J
Å

andcomets(red squares). The six objectspresentedin this Letter are marked
asfilled circles with estimated1 Ä errors.A heavyvertical line marksthe dy-
namicalÅ boundary (see§ 1). Of the 48 total asteroidsplotted,11 haveT Æ 3J

Å
comet-likealbedos,or 23%,but fully 90%(nineof 10)of thosewith haveT Ç 3J

Å
comet-likealbedos.This is consistentwith a cometary origin for thoseasteroids
andasignificantcometary contributionto thatdynamicalgroupof asteroids.The
plottedÞ datawereobtainedfrom this work, Morrison,Gradie,& Rieke(1976),
Cruikshank& Jones(1977),Lebofskyet al. (1978,1981),Lebofsky, Lebofsky,
& Rieke(1979),Green,Meadows,& Davies(1985),Tedesco& Gradie(1987),
Bell, Hawke,& Brown(1988),Veederet al. (1989),Tedesco(1992),Hudson&
Ostro(1995),Mottolaet al. (1997),Pravecet al. (1997),Harris(1998),Thomas
et al. (2000),Harris& Davies(1999),Fernández(1999),Delbo et al. (2000),
andFernándezet al. (2001).

andt one for fast. The former ( È “standardthermal model”
[STM]) appliesif therotationis so slow (or thethermalinertia
sog low) that every point on the surface is in instantaneous
equilibrium} with the impinging solar radiation. The latter
(
z4É

“isothermal latitude model” [ILM]) appliesif the rotation

is sofast(or thethermalinertiasohigh) thata surfaceelement
does
o

not appreciablycool asit spinsawayfrom localnoonand
outy of sunlight. The extremecaseoccurswhen the object’s
rotationaxis is normal to the Sun-object-Earthplane.

There
�

are otherparametersto themodels:Ê ,i4Ë ,iÍÌ mir( ,i4Î vis� ,i and
qA . Emissivity is closeto unity, andwe will assumea constant
valueÏ of 0.9here.Thebeamingparameteris unity by definition
in the ILM. In the STM, the value is known for only a few
asteroidst andcanrangefrom approximately0.7 to 1.2 (Harris
1998;Harris& Davies1999).Forourapplicationsof theSTM,
weu assumea possible range of , uniformly0.75

� ÐÒÑÔÓ
1.25

distributed.
o

For Õ weu assumethat the magnitudescaleswith the phase
anglet Ö : × . In theMIR, theeffect isonly loosely2.5

�
log Ø,ÙÛÚÝÜ

constrained,q but basedon earlierwork with theSTM (Lebofsky
et} al. 1986) we assumea rangeof 0.005mag Þ 1deg

o ßáà â
mir

magx degã 1,i uniformly distributed.For the ILM,0.017
� ä å

mir(
by
B

definition.In thevisible,studiedin muchmoredetail(e.g.,0
�
by
B

Lumme & Bowell 1981), dark asteroidsfollow æ çvi� s

mag degè 1,i and we assumehere 0.025 mag é 10.035
�

deg ê
magdegë 1. This coefficientalsodeterminesqA ,i but,

ì í
0.0
�

45vi� s

sinceg thathasa minor effecton themodeling,wewill leavethat
parameterî a constant0.5, the integral’svaluefor ï ð 0.034

�
vi� s

(Allen
z

1973).
Our
ñ

radiusandalbedoresultsfrom this modelingareshown
in
r

Table3. Since we haveasmanyor moreparametersin the
modelx thandatapoints,useful ò 2

s
distribution
o

calculationsare
impossible.Instead,we found the rangeof valid R andt p� by

B
samplingg parameterspaceanddeclaringa goodfit wheneach
model flux densitypassedwithin 1.5 ó ofy its datapoint. The
“error bars” in Table 3 actually show the full range(not 1 ô
limits)
v

of valuesthat yield acceptablefits. For 1999LE31
h , wi e

used¢ the averageof the modelingresultsfrom the two nights
ofy MIR photometry.

TheSTM andILM predictvery differentcolortemperatures,
providingî a way to differentiatethem. For 2000 DG8

j ,i 2000
OG
ñ

44,i and 2000 SB1,i only the STM providesacceptablefits.
For 2000 PG3

h ,i the ILM generallygivespoorerfits and is ac-
ceptableq only for a small rangeof radii andalbedos.For 1999
LE31
h andt 2000HE46,i we haveonly oneMIR wavelengthand

thus
n

cannotfind the color temperature.We note that the ILM
albedost arevery small,smallerthanfor anyothersolarsystem
object.y This, combinedwith the generallypoorerfits, implies
that
n

the objectsare better interpretedas being slow rotators,
althought the heliocentricdistanceof 1999 LE31

h may be high
enough} to makeit a borderlinecasebetweenthetwo extremes
(Spencer
z

, Lebofsky, & Sykes1989).
Some
õ

furthercaveatsarenotable.First, thevaluesin Table3
aret valid in thecontextof the thermalmodels;themodelsrep-
resentextremaof thermalbehavior, and the rangesin Table3
d
o
o not describethe systematicerrorsfrom the modelsthem-

selves.g However, theseerrorsare likely to be comparableto
the
n

formalerrors,so thevaluesarephysicallymeaningful.Sec-
ond,y rotationalvariationcould corrupt the albedocalculations
for
|

the two asteroidswith nonsimultaneousMIR and visible
photometrî y, which effectively increasesthe albedo errors.
Third, our observationsof 2000 PG3

h took
n

placeat ,öø÷ 59
úù

whichu is beyond the rangeof any measuredthermal phase
function,sowe do not know whetherthestandardformulaforû

mir( mimicsx reality at suchangles.
The
�

radii of our six objectsarenot unusualin comparison
withu cometary nuclei (Meech,Hainaut,& Marsden2000)and
othery , dynamicallysimilar asteroids(Veederet al. 1989),and
weu now turn our attentionto thealbedos.Figure1 displaysthe
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albedost andTisserandinvariantsof our six objectsas well as
allt 42 of the other known albedosof NEAs and UAs. Also
plottedî arealbedosof activecometary nuclei.

Whereas
f

previouslytherewereonly four asteroidsonT ü 3
�

J
�

the
n

plot, thereare now 10, andall six new onesfall squarely
withinu the cometary regimeof albedos.Moreover, with these
newý additionswe now seeevidenceof a trendwith . NinetyT

�
J
�

percentî of the asteroidshavecomet-likealbedos(medianT þ 3
�

J
�

albedot is 0.038),whereasonly two of the38 objectsdoT ÿ 3
�

J
�

(median
z

albedois 0.215).An importantbiasin thedistribution
hereis that it is easierto discovershinierasteroids,andthus
they
n

are overrepresentedin the sample,but neverthelessthe
difference
o

in distributionsis quite stark.
The
�

breakin the distributionsoccursnearthe line ,T
���

3
�

J
�

the
n

cutoff for Jupiter coupling, which suggestsa dynamical
relationshipwith this effect. The low albedosof nearly all

objectsy areconsistentwith asignificantfractionof extinctT
���

3
�

J
�

cometsq amongthe NEA and UA population.Specifically, if
10% of NEAs and UAs have and 90% of thosehaveT

���
3
�

J
�

comet-likeq albedos,theextinctcometcandidatefractionwould
be
B

approximately9%.This isalower limit to theactualfraction
ofy candidatesbecauseof the albedobiasmentionedabove.

4. SUMMARY

Using
�

MIR and visible photometry and employing the
widelyu usedstandardthermalmodel(STM) for slow rotators,
weu havederivedneweffectiveradii andgeometricalbedosfor
sixg asteroidsin comet-likeorbits; all six have . We findT

���
3
�

J
�

the
n

following:

1. All six objectsare dark,asdarkas thealbedospreadof
cometarq y nuclei. The radii are also similar to thoseof active
nuclei. This is consistentwith a cometary origin, as if the
asteroidst wereformerlyactivecometsthat lost all near-surface
volatiles.Ï

2.
�

For four objectswe have photometry at two or three
MIR wavelengths,andtheSTM yieldsanexcellentdescription
ofy the color temperature,betterthanthe fast-rotatormodel.

3.
�

Plotting all 48 known NEA andUA albedos,including
oury six new ones,versus showsa markedly sharpbreak,T

�
J
�

virtuallyÏ a step function,at the line .T
���

3
�

J
�

4. Elevenof the 48 objectshavecomet-likealbedos:fully
90%
	

(nine of 10) of the objectsbut only 5% (two ofT
��


3
�

J
�

38)
�

of the objects.The medianalbedos andtheir rms¯T � 3
�

p�J
�

scattersg are

p̄�� 0.038
� �

0.0
�

43 for T
���

3,
�

(2a)J
�

p̄�� 0.215
� �

0.147
�

for T � 3.
�

(2b)J
�

5.


Thisdisparityin medianalbedosuggeststhatthefraction
ofy extinctcometsamongNEAs andUAs is significant(at least
9%
	

arecandidates)andthatenoughcometary nucleihavesuf-
ficiently long physical lifetimes to survive devolatilization
withoutu disintegrating.

It
�

is clear that further surveys of asteroidalbedosarenec-
essar} y. Specifically, only fourof the10 objectsareNEAs;T

���
3
�

J
�

moremembersof thatgroupneedto besampled.Furthermore,
withu therecentexplosionin asteroiddiscoveriesandtheready
availabilityt of sensitiveMIR detectors,a lessbiasedsampling
ofy albedosshouldbe undertakento obtaina confidentestimate
ofy the albedodistributions.
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