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CHAPTER 4

Analysis o f

th e ro tatio nal p ro p e rtie s

ABSTRAC T

We u se optical data of 10 K u iper B elt objects (K B O s) to in vestig ate their
rotation al properties. O f the 10, three (3 0% ) ex hibit lig ht variation s with
am plitu de ∆m ≥ 0.15 m ag , an d 1 ou t of 10 (10% ) has ∆m ≥ 0.4 0 m ag ,
which is in g ood ag reem en t with previou s su rveys. T hese data, in com -
bin ation with the ex istin g database, are u sed to disc u ss the rotation al
periods, shapes, an d den sities of K u iper B elt objects. We fi n d that, in the
sam pled size ran g e, K u iper B elt objects have a hig her fraction of low am -
plitu de lig htc u rves an d rotate slower than m ain belt asteroids. T he data
also show that the rotation al properties an d the shapes of K B O s depen d
on size. If we split the database of K B O rotation al properties in to two
size ran g es with diam eter larger an d sm aller than 4 00 k m , we fi n d that:
(1) the m ean lig htc u rve am plitu des of the two g rou ps are diff eren t with
9 8 .5 % con fi den ce, (2 ) the correspon din g power-law shape distribu tion s are
diff eren t, an d (3 ) the two g rou ps oc c u py diff eren t reg ion s on a spin period

vs. ligh tcu rve am plitu de diag ram . T hese diff eren ces are in terpreted in the
con tex t of K B O collision al evolu tion .

Ped ro L a c e rd a a n d J a n e L u u

to be su bm itted to Ica ru s
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4.1 In tro d u c tio n

T
he K u iper B elt (K B ) is an assembly of small icy objects, orbitin g the S u n
beyon d N eptu n e. K u iper B elt objects (K B O s) are lik ely to be remn an ts of

ou ter solar system plan etesimals (J ewitt & L u u 1 9 9 3 ). Their physical, chemi-
cal, an d d yn amical properties shou ld therefore provid e valu able in formation re-
g ard in g both the en viron men t an d the physical processes respon sible for plan et
formation .

At the time of writin g , 7 6 3 K B O s are k n own , with 3 6 3 of them havin g been
followed for more than on e opposition . A total of ≈ 1 05 objects larg er than
5 0 k m are thou g ht to orbit the S u n beyon d N eptu n e (J ewitt & L u u 2000). S tu d -
ies of K B orbits has revealed an in tricate d yn amical stru ctu re, with sig n atu res
of in teraction s with N eptu n e (M alhotra 1 9 9 5 ). The size d istribu tion follows a
d iff eren tial power-law of in d ex q = 4 for bod ies & 5 0 k m (Tru jillo et al. 2001 a),
becomin g slig htly shallower at smaller sizes (B ern stein et al. 2004).

K B O colou rs show a larg e d iversity, from slig htly blu e to very red (L u u & J e-
witt 1 9 9 6 ; Teg ler & R oman ishin 2000; J ewitt & L u u 2001 ), an d seem to correlate
with in clin ation an d perihelion d istan ce (e.g ., J ewitt & L u u 2001 ; D oressou n d i-
ram et al. 2002; Tru jillo & B rown 2002). The few low-resolu tion optical an d
n ear-IR K B O spectra are mostly featu reless, with the ex ception of a weak 2µm
water ice absorption lin e presen t in some of them (B rown et al. 1 9 9 9 ; J ewitt &
L u u 2001 ).

Abou t 4% of k n own K B O s are bin aries with separation s larg er than 0.′′1 5
(N oll et al. 2002). All the observed bin aries have primary-to-secon d ary mass
ratios ≈ 1 . Two bin ary creation mod els have been proposed . Weid en schillin g
(2002) favou rs the id ea that bin aries form in three-bod y en cou n ters. This mod el
req u ires a 1 00 times d en ser K u iper B elt at the epoch of bin ary formation , an d
pred icts a hig her abu n d an ce of larg e separation bin aries. The altern ative sce-
n ario (G old reich et al. 2002), in which the en erg y n eed ed to bin d the orbits of
two approachin g bod ies is d rawn from the su rrou n d in g swarm of smaller objects,
also req u ires a mu ch hig her d en sity of K B O s than the presen t, bu t it pred icts
a larg er fraction of close bin aries. R ecen tly, S heppard & J ewitt (2004) have
shown evid en ce that 2001 Q G

2 9 8
cou ld be a close or con tact bin ary K B O , an d

estimated the fraction of similar objects in the B elt to be ∼ 1 0% – 20% .

O ther physical properties of K B O s, su ch as their shapes, d en sities, an d albe-
d os, are still poorly con strain ed . This is main ly becau se K B O s are ex tremely
fain t, with mean apparen t red mag n itu d e mR ∼23 (Tru jillo et al. 2001 b).

The stu d y of K B O rotation al properties throu g h time-series broad ban d op-
tical photometry has proved to be the most su ccessfu l techn iq u e to d ate to
in vestig ate some of these physical properties. L ig ht variation s of K B O s are be-
lieved to be cau sed main ly by their aspherical shape: as K B O s rotate in space,
their projected cross-section s chan g e, resu ltin g in period ic brig htn ess variation s.
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One of the best examples to date of a KBO lightcurve— and what can be
learned from it— is that of (20000)Varuna (Jewitt & Sheppard 2002). The au-
thors explain the lightcurve of Varuna as a consequence of its elongated shape
(axes ratio, a/b ∼ 1.5). They further argue that the object is centripetally de-
formed by rotation because of its low density, “ rubble pile” structure. The term
“ rubble pile” is generally used to refer to gravitationally bound aggregates of
smaller fragments. The existence of rubble piles is thought to be due to contin-
uing mutual collisions throughout the age of the solar system, which gradually
fracture the interiors of objects. Rotating rubble piles can adjust their shapes
to balance centripetal acceleration and self-gravity. The resulting equilibrium
shapes have been studied in the extreme case of fl uid bodies, and depend on the
body’s density and spin rate (C handrasekhar 1969).

Lacerda & Luu (2003, hereafter LL03a) showed that under reasonable as-
sumptions the fraction of KBOs with detectable lightcurves can be used to con-
strain the shape distribution of these objects. A follow-up (Luu & Lacerda 2003,
hereafter LL03b) on this work, using a database of lightcurve properties of 33
KBOs (Sheppard & Jewitt 2002, 2003), shows that although most Kuiper Belt
objects (∼ 85%) have shapes that are close to spherical (a/b ≤ 1.5) there is a
signifi cant fraction (∼ 12%) with highly aspherical shapes (a/b ≥ 1.7).

In this paper we use optical data of 10 KBOs to investigate the amplitudes
and periods of their lightcurves. These data are used in combination with the ex-
isting database to investigate the distributions of KBO spin periods and shapes.
We discuss their implications for the inner structure and collisional evolution of
objects in the Kuiper Belt.

4.2 O b se rv a tions a nd P h otom e try

We collected time-series optical data of 10 KBOs at the Isaac Newton 2.5m
(INT) and William H erschel 4m (WH T) telescopes. The INT Wide F ield C am-
era (WF C ) is a mosaic of 4 E E V 2048×4096 C C Ds, each with a pixel scale of
0.′′33/ pixel and spanning approximately 11.′3×22.′5 in the plane of the sky. The
targets are imaged through a Johnson R fi lter. The WH T prime focus camera
consists of 2 E E V 2048×4096 C C Ds with a pixel scale of 0.′′24/ pixel, and covers
a sky-projected area of 2×8.′2×16.′4. With this camera we used a H arris R fi lter.
The seeing for the whole set of observations ranged from 1.0 to 1.9′′F WH M.
We tracked both telescopes at sidereal rate and kept integration times for each
object suffi ciently short to avoid errors in the photometry due to trailing effects
(see Table 4.1). No light travel time corrections have been made.

We reduced the data using standard techniques. The sky background in the
fl at-fi elded images shows variations of less than 1% across the chip. Background
variations between consecutive nights were less than 5% for most of the data.
C osmic rays were removed with the package LA-C osmic (van Dokkum 2001).
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Table 4 .1 – Observing C o nd itio ns and G eo m etry

Object D esignatio n ObsD atea Tel.b S eeingc M vtR td ITim ee R A f d ecg
R

h ∆i
α

j

[′′] [′′/ h r] [sec ] [h h m m ss] [◦′′′] [A U ] [A U ] [d eg]

(1 9 3 0 8 ) 1 9 9 6 TO66 0 1 -Oct-9 9 W H T 1 .8 2 .8 9 5 0 0 2 3 5 9 4 6 + 0 3 3 6 4 2 4 5 .9 5 0 4 4 .9 5 8 0 .1 5 9 4
1 9 9 6 TS 66 3 0 -S ep -9 9 W H T 1 .3 2 .6 2 4 0 0 ,6 0 0 0 2 2 6 0 6 + 2 1 4 1 0 3 3 8 .7 7 8 3 7 .9 5 7 0 .8 6 1 9
1 9 9 6 TS 66 0 1 -Oct-9 9 W H T 1 .1 2 .6 7 6 0 0 0 2 2 6 0 2 + 2 1 4 0 5 0 3 8 .7 7 8 3 7 .9 4 8 0 .8 4 3 6
1 9 9 6 TS 66 0 2 -Oct-9 9 W H T 1 .5 2 .7 0 6 0 0 ,9 0 0 0 2 2 5 5 8 + 2 1 4 0 3 5 3 8 .7 7 8 3 7 .9 3 9 0 .8 2 2 5

(3 5 6 7 1 ) 1 9 9 8 S N 1 65 2 9 -S ep -9 9 W H T 1 .5 3 .2 4 3 6 0 ,4 0 0 2 3 3 2 4 6 −0 1 1 8 1 5 3 8 .2 0 2 3 7 .2 2 6 0 .3 3 4 1
(3 5 6 7 1 ) 1 9 9 8 S N 1 65 3 0 -S ep -9 9 W H T 1 .4 3 .2 2 3 6 0 2 3 3 2 4 1 −0 1 1 8 4 7 3 8 .2 0 2 3 7 .2 3 0 0 .3 5 9 4
(1 9 5 2 1 ) C h ao s 0 1 -Oct-9 9 W H T 1 .0 1 .7 5 3 6 0 ,4 0 0 ,6 0 0 0 3 4 4 3 7 + 2 1 3 0 5 8 4 2 .3 9 9 4 1 .7 6 6 1 .0 6 1 6
(1 9 5 2 1 ) C h ao s 0 2 -Oct-9 9 W H T 1 .5 1 .7 9 4 0 0 ,6 0 0 0 3 4 4 3 4 + 2 1 3 0 5 4 4 2 .3 9 9 4 1 .7 5 5 1 .0 4 8 4

1 9 9 9 D F 9 1 3 -F eb-0 1 W H T 1 .7 3 .1 9 9 0 0 1 0 2 7 0 4 + 0 9 4 5 1 6 3 9 .7 8 2 3 8 .8 1 8 0 .3 1 2 4
1 9 9 9 D F 9 1 4 -F eb-0 1 W H T 1 .6 3 .2 1 9 0 0 1 0 2 6 5 0 + 0 9 4 6 2 5 3 9 .7 8 3 3 8 .8 0 8 0 .2 4 3 6
1 9 9 9 D F 9 1 5 -F eb-0 1 W H T 1 .4 3 .2 2 9 0 0 1 0 2 6 4 6 + 0 9 4 6 5 0 3 9 .7 8 3 3 8 .8 0 6 0 .2 1 8 3
2 0 0 0 C M 1 0 5 1 1 -F eb-0 1 W H T 1 .5 3 .1 4 6 0 0 ,9 0 0 0 9 1 8 4 8 + 1 9 4 1 5 9 4 1 .7 5 3 4 0 .7 7 4 0 .1 6 8 7
2 0 0 0 C M 1 0 5 1 3 -F eb-0 1 W H T 1 .4 3 .1 2 9 0 0 0 9 1 8 3 9 + 1 9 4 2 4 0 4 1 .7 5 3 4 0 .7 7 8 0 .2 0 8 4
2 0 0 0 C M 1 0 5 1 4 -F eb-0 1 W H T 1 .5 3 .1 1 9 0 0 0 9 1 8 3 4 + 1 9 4 3 0 2 4 1 .7 5 3 4 0 .7 8 1 0 .2 3 0 3
1 9 9 9 R Z 2 5 3 1 1 -S ep -0 1 IN T 1 .9 2 .8 6 6 0 0 2 2 0 2 5 7 −1 2 3 1 0 6 4 0 .9 6 3 4 0 .0 2 1 0 .4 9 5 9
1 9 9 9 R Z 2 5 3 1 2 -S ep -0 1 IN T 1 .4 2 .8 4 6 0 0 2 2 0 2 5 3 −1 2 3 1 2 6 4 0 .9 6 3 4 0 .0 2 6 0 .5 1 5 6
1 9 9 9 R Z 2 5 3 1 3 -S ep -0 1 IN T 1 .8 2 .8 2 6 0 0 2 2 0 2 4 9 −1 2 3 1 4 9 4 0 .9 6 3 4 0 .0 3 3 0 .5 3 8 1

(4 7 1 7 1 ) 1 9 9 9 TC 3 6 1 1 -S ep -0 1 IN T 1 .9 3 .8 5 6 0 0 0 0 1 6 4 9 −0 7 3 4 5 9 3 1 .4 1 6 3 0 .4 4 0 0 .4 6 0 5
(4 7 1 7 1 ) 1 9 9 9 TC 3 6 1 2 -S ep -0 1 IN T 1 .4 3 .8 6 9 0 0 0 0 1 6 4 5 −0 7 3 5 3 3 3 1 .4 1 6 3 0 .4 3 7 0 .4 3 5 9
(4 7 1 7 1 ) 1 9 9 9 TC 3 6 1 3 -S ep -0 1 IN T 1 .8 3 .8 8 9 0 0 0 0 1 6 3 9 −0 7 3 6 1 3 3 1 .4 1 6 3 0 .4 3 4 0 .4 1 2 2
(3 8 6 2 8 ) H u y a 2 8 -F eb-0 1 IN T 1 .5 2 .9 1 6 0 0 1 3 3 1 1 3 −0 0 3 9 0 4 2 9 .7 6 9 2 9 .0 2 1 1 .2 7 2 5
(3 8 6 2 8 ) H u y a 0 1 -M ar-0 1 IN T 1 .8 2 .9 7 3 6 0 1 3 3 1 0 9 −0 0 3 8 2 3 2 9 .7 6 8 2 9 .0 0 9 1 .2 4 7 9
(3 8 6 2 8 ) H u y a 0 3 -M ar-0 1 IN T 1 .5 3 .0 8 3 6 0 1 3 3 1 0 1 −0 0 3 6 5 9 2 9 .7 6 7 2 8 .9 8 7 1 .1 9 7 6

2 0 0 1 C Z 3 1 0 1 -M ar-0 1 IN T 1 .3 2 .7 2 6 0 0 ,9 0 0 0 9 0 0 0 3 + 1 6 2 9 2 3 4 1 .3 9 4 4 0 .5 2 2 0 .6 5 2 5
2 0 0 1 C Z 3 1 0 3 -M ar-0 1 IN T 1 .4 2 .6 5 6 0 0 ,9 0 0 0 8 5 9 5 4 + 1 6 3 0 0 4 4 1 .3 9 4 4 0 .5 3 9 0 .6 9 5 4

a U T d ate o f o bservatio n; b Telesc o p e u sed fo r o bservatio ns; c A verage seeing o f th e d ata [′′]; d A verage rate o f m o tio n o f K B O [′′/ h r]; e

Integratio n tim es u sed ; f R igh t ascensio n; g D ec linatio n; h K B O– S u n d istance; i K B O– E arth d istance; j P h ase angle (S u n–Object– E arth

angle) o f o bservatio n.
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Objec t D e sig n atio n Classa
H

b
i
c

e
d

a
e

[m ag ] [d e g ] [A U ]

(1 9 3 0 8 ) 1 9 9 6 T O66 C 4 .5 2 7 .5 0 0 .1 2 4 3 .2 0
1 9 9 6 T S 66 C 6 .4 7 .3 0 0 .1 3 4 4 .0 0

(3 5 6 7 1 ) 1 9 9 8 S N 165 C1 5 .8 4 .6 0 0 .0 5 3 7 .8 0
(1 9 5 2 1 ) Ch ao s C 4 .9 1 2 .0 0 0 .1 1 4 5 .9 0

1 9 9 9 D F 9 C 6 .1 9 .8 0 0 .1 5 4 6 .8 0
2 0 0 0 CM 105 C 6 .2 3 .8 0 0 .0 7 4 2 .5 0
1 9 9 9 R Z 253 C 5 .9 0 .6 0 0 .0 9 4 3 .6 0

(4 7 1 7 1 ) 1 9 9 9 T C36 Pb 4 .9 8 .4 0 0 .2 2 3 9 .3 0
(3 8 6 2 8 ) H u y a P 4 .7 1 5 .5 0 0 .2 8 3 9 .5 0

2 0 0 1 CZ 31 C 5 .4 1 0 .2 0 0 .1 2 4 5 .6 0

Table 4.2 – Properties of Observed KBOs. aDynamical class (C = classical KBO, P =
Plutino, b = binary KBO); bAbsolute magnitude; cOrbital inclination; dOrbital eccentricity;
eSemi-major ax is.

We perfo rm ed apertu re pho to m etry o n all o bjects in the fi eld u sing the S E x -
tracto r so ftware packag e (B ertin & A rno u ts 19 9 6 ). T his so ftware perfo rm s c ir-
c u lar apertu re m easu rem ents o n each o bject in a fram e, and pu ts o u t a catalo g
o f bo th the m ag nitu des and the asso c iated erro rs. B elow we desc ribe how we
o btained a better estim ate o f the erro rs. We u sed apertu res rang ing fro m 1.5 to
2 .0 tim es the F WH M fo r each fram e and selected the apertu re that m ax im ized
sig nal-to -no ise. A n ex tra apertu re o f 5 F WH M s was u sed to lo o k fo r po ssible
seeing dependent trends in o u r pho to m etry. T he catalo g s were m atched by se-
lecting o nly the o bjects that are present in all fram es. T he slow m o vem ent o f
K B O s fro m nig ht to nig ht allows u s to su c cessfu lly m atch a larg e nu m ber o f
stars in c o nsec u tive nig hts. We discarded all satu rated o bjects as well as tho se
identifi ed to be g alax ies.

T he K B O lig htc u rves were o btained fro m diff erential pho to m etry with re-
spect to the brig htest no n-variable fi eld stars. A n averag e o f the m ag nitu des
o f the brig htest stars (the ” reference” stars) pro vides a reference fo r diff erential
pho to m etry in each fram e. T his m etho d allows fo r sm all am plitu de brig htness
variatio ns to be detected even u nder no n-pho to m etric c o nditio ns.

T he u ncertainty in the relative pho to m etry was calc u lated fro m the scatter in
the pho to m etry o f fainter fi eld stars that are sim ilar to the K B O s in brig htness
(the ” c o m pariso n” stars, see F ig .4 .1). T his erro r estim ate is m o re ro bu st than the
erro rs pro vided by S E x tracto r (see below), and was u sed to verify the acc u racy
o f the latter. T his pro cedu re resu lted in c o nsistent tim e series brig htness data
fo r ∼ 10 0 o bjects (K B O + fi eld stars) in a tim e span o f 2 – 3 c o nsec u tive nig hts.

We o bserved L ando lt standard stars whenever c o nditio ns were pho to m etric ,
and u sed them to calibrate the zero po int o f the m ag nitu de scale. T he ex tinctio n
c o effi c ient was o btained fro m the reference stars.
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Figure 4.1 – Frame-to-frame
photometric variances of all
stars (gray circles and black
crosses) in the 1998 SN165 (a)
and Huya (b) fi elds, plotted
against their relative magni-
tude. The trend of increasing
photometric variability with in-
creasing magnitude is clear.
The intrinsically variable stars
clearly do not follow this trend,
and are located towards the
upper left region of the plot.
The KBOs are shown as black
sq uares. 1998 SN165, in the
top panel shows a much larger
variability than the comparison
stars (shown as crosses, see Sec-
tion 4.3.1), while Huya is well
within the expected variance
range, given its magnitude.

mR

UT D a te J u lia n D a te [m a g ]

1 9 9 9 O c t 1 .8 4 8 3 1 2 4 5 1 4 5 3 .3 4 8 3 1 2 1 .2 4 ± 0 .0 7
1 9 9 9 O c t 1 .8 5 5 9 0 2 4 5 1 4 5 3 .3 5 5 9 0 2 1 .3 0 ± 0 .0 7
1 9 9 9 O c t 1 .8 6 3 5 2 2 4 5 1 4 5 3 .3 6 3 5 2 2 1 .2 0 ± 0 .0 7
1 9 9 9 O c t 1 .8 7 2 0 1 2 4 5 1 4 5 3 .3 7 2 0 1 2 1 .2 2 ± 0 .0 7
1 9 9 9 O c t 1 .8 7 8 6 7 2 4 5 1 4 5 3 .3 7 8 6 7 2 1 .2 1 ± 0 .0 7
1 9 9 9 O c t 1 .8 8 5 3 2 2 4 5 1 4 5 3 .3 8 5 3 2 2 1 .2 8 ± 0 .0 7
1 9 9 9 O c t 1 .8 9 3 0 2 2 4 5 1 4 5 3 .3 9 3 0 2 2 1 .2 7 ± 0 .0 6
1 9 9 9 O c t 1 .9 0 0 3 4 2 4 5 1 4 5 3 .4 0 0 3 4 2 1 .3 0 ± 0 .0 6
1 9 9 9 O c t 1 .9 0 7 3 0 2 4 5 1 4 5 3 .4 0 7 3 0 2 1 .2 8 ± 0 .0 6
1 9 9 9 O c t 1 .9 1 4 7 0 2 4 5 1 4 5 3 .4 1 4 7 0 2 1 .3 1 ± 0 .0 6

Table 4.3 – Photometric measure-
ments of 1996 TO66. Columns are UT
date at the start of the exposure, J u-
lian date at the start of the exposure,
and apparent red magnitude. The er-
rors include the uncertainties in rela-
tive and absolute photometry added
q uadratically.

Since not all nights were photometric the lightcurves are presented as vari-
ations with respect to the mean brightness. These yield the correct amplitudes
and periods of the lightcurves but do not provide their absolute magnitudes.

The orbital parameters and other properties of the observed KBOs are given
in Table 4.2. Tables 4.3, 4.4, 4.5, and 4.6 list the absolute R-magnitude ph o to -

metric measurements o b tained fo r 1 9 9 6 T O 66, 1 9 9 6 T S 66, 1 9 9 8 S N 1 65 , and C h ao s,

respectiv ely .

4.3 L ig h tc u rv e A n a ly sis

T h e results in th is paper depend so lely o n th e amplitude and perio d o f th e K B O

ligh tcurv es. It is th erefo re impo rtant to ac curately determine th ese parameters

and th e asso c iated uncertainties.
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Ta b le 4 .4 – Photometric mea su re-

men ts of 1 9 9 6 T S 66. C olu mn s a re U T

d a te a t the sta rt of the ex p osu re, J u -

lia n d a te a t the sta rt of the ex p osu re,

a n d a p p a ren t red ma g n itu d e. T he er-

rors in clu d e the u n certa in ties in rela -

tiv e a n d a b solu te p hotometry a d d ed

q u a d ra tica lly .

mR

UT D a te J u lia n D a te [m a g ]

19 9 9 S e p 3 0 .0 60 8 7 2 4 514 51.560 8 7 2 1.9 4 ± 0 .0 7
19 9 9 S e p 3 0 .0 662 8 2 4 514 51.5662 8 2 1.8 3 ± 0 .0 7
19 9 9 S e p 3 0 .0 7 9 7 9 2 4 514 51.57 9 7 9 2 1.7 6 ± 0 .0 7
19 9 9 S e p 3 0 .0 8 52 9 2 4 514 51.58 52 9 2 1.7 1 ± 0 .0 7
19 9 9 S e p 3 0 .0 9 0 68 2 4 514 51.59 0 68 2 1.7 5 ± 0 .0 7
19 9 9 S e p 3 0 .0 9 69 5 2 4 514 51.59 69 5 2 1.67 ± 0 .0 7
19 9 9 S e p 3 0 .0 12 50 2 4 514 51.60 2 50 2 1.7 7 ± 0 .0 7
19 9 9 S e p 3 0 .10 9 3 6 2 4 514 51.60 9 3 6 2 1.7 6 ± 0 .0 6
19 9 9 S e p 3 0 .117 0 5 2 4 514 51.617 0 5 2 1.8 0 ± 0 .0 6
19 9 9 S e p 3 0 .12 4 8 6 2 4 514 51.62 4 8 6 2 1.7 7 ± 0 .0 6
19 9 9 S e p 3 0 .13 7 9 8 2 4 514 51.63 7 9 8 2 1.8 2 ± 0 .0 7
19 9 9 S e p 3 0 .14 7 2 2 2 4 514 51.64 7 2 2 2 1.7 4 ± 0 .0 6
19 9 9 S e p 3 0 .1552 4 2 4 514 51.6552 4 2 1.7 2 ± 0 .0 6
19 9 9 S e p 3 0 .168 3 4 2 4 514 51.668 3 4 2 1.7 2 ± 0 .0 8
19 9 9 S e p 3 0 .17 68 0 2 4 514 51.67 68 0 2 1.8 3 ± 0 .0 7
19 9 9 S e p 3 0 .18 54 8 2 4 514 51.68 54 8 2 1.8 0 ± 0 .0 6
19 9 9 S e p 3 0 .19 4 2 9 2 4 514 51.69 4 2 9 2 1.7 4 ± 0 .0 7
19 9 9 S e p 3 0 .2 0 2 12 2 4 514 51.7 0 2 12 2 1.7 8 ± 0 .0 7
19 9 9 S e p 3 0 .2 10 10 2 4 514 51.7 10 10 2 1.7 2 ± 0 .0 7
19 9 9 S e p 3 0 .2 18 0 6 2 4 514 51.7 18 0 6 2 1.7 6 ± 0 .0 9
19 9 9 S e p 3 0 .2 3 52 8 2 4 514 51.7 3 52 8 2 1.7 3 ± 0 .0 7
19 9 9 S e p 3 0 .2 4 3 55 2 4 514 51.7 4 3 55 2 1.7 4 ± 0 .0 8
19 9 9 O c t 0 1.0 2 0 0 2 2 4 514 52 .52 0 0 2 2 1.8 1 ± 0 .0 6
19 9 9 O c t 0 1.0 2 7 9 9 2 4 514 52 .52 7 9 9 2 1.8 2 ± 0 .0 6
19 9 9 O c t 0 1.0 3 64 8 2 4 514 52 .53 64 8 2 1.8 1 ± 0 .0 6
19 9 9 O c t 0 1.0 4 4 2 2 2 4 514 52 .54 4 2 2 2 1.8 0 ± 0 .0 6
19 9 9 O c t 0 1.9 3 113 2 4 514 53 .4 3 113 2 1.7 1 ± 0 .0 6
19 9 9 O c t 0 1.9 4 168 2 4 514 53 .4 4 168 2 1.68 ± 0 .0 6
19 9 9 O c t 0 1.9 53 3 1 2 4 514 53 .4 53 3 1 2 1.7 3 ± 0 .0 6
19 9 9 O c t 0 1.9 7 9 0 3 2 4 514 53 .4 7 9 0 3 2 1.69 ± 0 .0 6
19 9 9 O c t 0 1.9 9 17 7 2 4 514 53 .4 9 17 7 2 1.7 4 ± 0 .0 6
19 9 9 O c t 0 2 .0 0 3 9 3 2 4 514 53 .50 3 9 3 2 1.7 3 ± 0 .0 5
19 9 9 O c t 0 2 .0 158 8 2 4 514 53 .5158 8 2 1.7 8 ± 0 .0 5
19 9 9 O c t 0 2 .0 2 7 3 4 2 4 514 53 .52 7 3 4 2 1.7 1 ± 0 .0 5

4.3.1 C a n we d etec t th e K B O b rig h tn ess va ria tio n ?

We begin by investigating if the observed brightness variations are intrinsic to
the KBO, i.e., if the KBOs intrinsic brightness variations are detectable given
our uncertainties. This was done by comparing the frame-to-frame scatter in
the KBO optical data with that of (∼ 10 − 2 0 ) comparison stars.

To visually compare the scatter in the magnitudes of the reference stars (see
Section 4 .2 ), comparison stars, and KBOs, we plot a histogram of their frame-
to-frame variances (see F ig. 4 .2 ). In general such a histogram should show the
reference stars clustered at the lowest variances, followed by the comparison stars
spread over larger variances. If the KBO appears isolated at much higher vari-
ances than both groups of stars (e.g., F ig. 4 .2 -j), then its brightness modulations
are signifi cant. Conversely, if the KBO is clustered with the stars (e.g. F ig. 4 .2 -
f), any periodic brightness variations would be below the detection threshold.

F igure 4 .1 shows the dependence of the uncertainties on magnitude. Objects
that do not fall on the rising curve traced out by the stars must have intrin-
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mR

UT Date Julian Date [mag]

1999 Sep 29.87384 2451451.37384 21.20 ± 0.06
1999 Sep 29.88050 2451451.38050 21.19 ± 0.05
1999 Sep 29.88845 2451451.38845 21.18 ± 0.05
1999 Sep 29.89811 2451451.39811 21.17 ± 0.05
1999 Sep 29.90496 2451451.40496 21.21 ± 0.05
1999 Sep 29.91060 2451451.41060 21.24 ± 0.05
1999 Sep 29.91608 2451451.41608 21.18 ± 0.05
1999 Sep 29.92439 2451451.42439 21.25 ± 0.05
1999 Sep 29.93055 2451451.43055 21.24 ± 0.05
1999 Sep 29.93712 2451451.43712 21.26 ± 0.06
1999 Sep 29.94283 2451451.44283 21.25 ± 0.06
1999 Sep 29.94821 2451451.44821 21.28 ± 0.06
1999 Sep 29.96009 2451451.46009 21.25 ± 0.06
1999 Sep 29.96640 2451451.46640 21.21 ± 0.06
1999 Sep 29.97313 2451451.47313 21.17 ± 0.05
1999 Sep 29.97850 2451451.47850 21.14 ± 0.05
1999 Sep 29.98373 2451451.48373 21.12 ± 0.06
1999 Sep 29.98897 2451451.48897 21.15 ± 0.06
1999 Sep 29.99469 2451451.49469 21.15 ± 0.06
1999 Sep 29.99997 2451451.49997 21.16 ± 0.06
1999 Sep 30.00521 2451451.50521 21.12 ± 0.06
1999 Sep 30.01144 2451451.51144 21.09 ± 0.06
1999 Sep 30.02164 2451451.52164 21.18 ± 0.06
1999 Sep 30.02692 2451451.52692 21.17 ± 0.06
1999 Sep 30.84539 2451452.34539 21.32 ± 0.06
1999 Sep 30.85033 2451452.35033 21.30 ± 0.06
1999 Sep 30.85531 2451452.35531 21.28 ± 0.06
1999 Sep 30.86029 2451452.36029 21.31 ± 0.06
1999 Sep 30.86550 2451452.36550 21.21 ± 0.06
1999 Sep 30.87098 2451452.37098 21.26 ± 0.06
1999 Sep 30.87627 2451452.37627 21.28 ± 0.06
1999 Sep 30.89202 2451452.39202 21.23 ± 0.05
1999 Sep 30.89698 2451452.39698 21.30 ± 0.06
1999 Sep 30.90608 2451452.40608 21.20 ± 0.05
1999 Sep 30.91191 2451452.41191 21.26 ± 0.05
1999 Sep 30.92029 2451452.42029 21.15 ± 0.05
1999 Sep 30.92601 2451452.42601 21.19 ± 0.05
1999 Sep 30.93110 2451452.43110 21.14 ± 0.05
1999 Sep 30.93627 2451452.43627 21.16 ± 0.05
1999 Sep 30.94858 2451452.44858 21.18 ± 0.05
1999 Sep 30.95363 2451452.45363 21.16 ± 0.05
1999 Sep 30.95852 2451452.45852 21.13 ± 0.05
1999 Sep 30.96347 2451452.46347 21.17 ± 0.05
1999 Sep 30.96850 2451452.46850 21.16 ± 0.05
1999 Sep 30.97422 2451452.47422 21.18 ± 0.05
1999 Sep 30.98431 2451452.48431 21.18 ± 0.05
1999 Sep 30.98923 2451452.48923 21.17 ± 0.06
1999 Sep 30.99444 2451452.49444 21.16 ± 0.05
1999 Sep 30.99934 2451452.49934 21.20 ± 0.05
1999 Oct 01.00424 2451452.50424 21.16 ± 0.05
1999 Oct 01.00992 2451452.50992 21.18 ± 0.06

Table 4.5 – Photometric measure-

ments of 1998 SN 165. Columns are

UT date at the start of the exposure,

Julian date at the start of the ex-

posure, and apparent red magnitude.

The errors include the uncertainties

in relative and absolute photometry

added quadratically.
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aL 1996 TO66 bL 1996 TS66

cL 1998 SN165 dL Chaos

eL 1999 DF9 fL 1999 RZ253

gL 1999 TC36 hL 2000 CM105

iL Huya jL 2001 CZ31

0. 0.002 0.004 0.006 0.008

0.

2.

4.

6.

8.

10.

0. 0.002 0.004 0.006 0.008

0.

2.

4.

6.

8.

10.

0. 0.001 0.002 0.003 0.004

0.

2.

4.

6.

8.

10.

12.

0. 0.0005 0.001 0.0015 0.002 0.0025 0.003

0.

2.

4.

6.

8.

10.

0. 0.005 0.01 0.015 0.02

0.

2.

4.

6.

8.

10.

0. 0.001 0.002 0.003 0.004 0.005 0.006

0.

2.

4.

6.

8.

10.

12.

0. 0.0001 0.0002 0.0003 0.0004

0.

2.

4.

6.

8.

10.

0. 0.001 0.002 0.003 0.004 0.005 0.006

0.

5.

10.

15.

20.

0. 0.0001 0.0002 0.0003 0.0004

0.

2.

4.

6.

8.

10.

0. 0.002 0.004 0.006 0.008

0.

2.5

5.

7.5

10.

12.5

15.

Variance Variance

Variance Variance

Variance Variance

Variance Variance

Variance Variance

Figure 4.2 – Stacked histograms of the frame-to-frame variance in the optical data of the
“ reference” stars (in white), “ comparison” stars (in gray), and the K B O (in black). In c), e),
and j) the K B O shows signifi cantly more variability than the comparison stars, whereas in all
other cases it falls well within the range of photometric uncertainties of the stars of similar
brightness.
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mR

UT Date Julian Date [mag]

1999 Oct 01.06329 2451452.56329 20.82 ± 0.06
1999 Oct 01.06831 2451452.56831 20.80 ± 0.06
1999 Oct 01.07324 2451452.57324 20.80 ± 0.06
1999 Oct 01.07817 2451452.57817 20.81 ± 0.06
1999 Oct 01.08311 2451452.58311 20.80 ± 0.06
1999 Oct 01.08801 2451452.58801 20.76 ± 0.06
1999 Oct 01.09370 2451452.59370 20.77 ± 0.06
1999 Oct 01.14333 2451452.64333 20.71 ± 0.06
1999 Oct 01.15073 2451452.65073 20.68 ± 0.06
1999 Oct 01.15755 2451452.65755 20.70 ± 0.06
1999 Oct 01.16543 2451452.66543 20.72 ± 0.06
1999 Oct 01.17316 2451452.67316 20.72 ± 0.06
1999 Oct 01.18112 2451452.68112 20.71 ± 0.06
1999 Oct 01.18882 2451452.68882 20.73 ± 0.06
1999 Oct 01.19652 2451452.69652 20.70 ± 0.06
1999 Oct 01.20436 2451452.70436 20.69 ± 0.06
1999 Oct 01.21326 2451452.71326 20.72 ± 0.06
1999 Oct 01.21865 2451452.71865 20.72 ± 0.06
1999 Oct 01.22402 2451452.72402 20.74 ± 0.06
1999 Oct 01.22938 2451452.72938 20.72 ± 0.06
1999 Oct 01.23478 2451452.73478 20.71 ± 0.07
1999 Oct 01.24022 2451452.74022 20.72 ± 0.07
1999 Oct 02.04310 2451453.54310 20.68 ± 0.06
1999 Oct 02.04942 2451453.54942 20.69 ± 0.06
1999 Oct 02.07568 2451453.57568 20.74 ± 0.07
1999 Oct 02.08266 2451453.58266 20.73 ± 0.06
1999 Oct 02.09188 2451453.59188 20.74 ± 0.06
1999 Oct 02.10484 2451453.60484 20.75 ± 0.06
1999 Oct 02.11386 2451453.61386 20.77 ± 0.06
1999 Oct 02.12215 2451453.62215 20.77 ± 0.06
1999 Oct 02.13063 2451453.63063 20.78 ± 0.06
1999 Oct 02.13982 2451453.63982 20.79 ± 0.06
1999 Oct 02.14929 2451453.64929 20.71 ± 0.07

Table 4.6 – Photometric mea-
surements of Chaos. Columns are
UT date at the start of the exposure,
Julian date at the start of the ex-
posure, and apparent red magnitude.
The errors include the uncertainties
in relative and absolute photometry
added quadratically.

sic brightness variations. By calculating the mean and spread of the variance
for the comparison stars (shown as crosses) we can calculate our photometric
uncertainties and thus determine whether the KBO brightness variations are
significant.

4.3.2 Period determ ination

In the cases where significant brightness variations were detected in the light-
curves, the phase dispersion minimization method was used (P D M , Stellingwerf
197 8) to look for periodicities in the data. For each test period P D M computes
a statistical parameter θ that compares the spread of data points in phase bins
with the overall spread of the data. The period that best fits the data is the one
that minimizes θ. The advantages of P D M are that it is non-parametric, i.e., it
does not assume a shape for the lightcurve, and it can handle unevenly spaced
data. E ach data set was tested for periods ranging from 2 to 24 hours, in steps
of 0.01 hr.
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Table 4.7 – Lightcurve Properties of Observed KBOs. aM ean red magnitude. E rrors include
uncertainties in relative and absolute photometry added quadratically; bNumber of nights with
useful data. Numbers in brackets indicate number of nights of data from other observers used
for period determination. D ata for 1998 SN165 taken from Peixinho et al. (2 0 0 2 ) and data for
2 0 0 1 CZ 3 1 taken from SJ0 2 ; cLightcurve amplitude; dLightcurve period.

Object Designation mR
a Ntsb ∆mR

c
P d

[mag] [mag] [hr]

(35671) 1998 SN165 21.20±0.05 2(1) 0.16±0.01 8.84
1999DF9 – 3 0.40±0.02 6.65
2001CZ 31 2(1) 0.21±0.02 4.71

(19308) 1996TO66 21.26±0.06 1 ?
1996TS66 21.76±0.05 3 <0.15

(19521) Chaos 20.74±0.06 2 <0.10
2000CM105 – 2 <0.14
1999 R Z 253 – 3 <0.05

(47171) 1999TC36 – 3 <0.07
(38628) H uya – 2 <0.04

4.3.3 A mp litu de determination

We used a Monte Carlo ex periment to determine the amplitude of the lightcurves
for which a period was found. We generated several artificial data sets by ran-
domizing each point within the error bar. Each artificial data set was fitted
with a Fourier series, using the best-fit period, and the mode and central 68%
of the distribution of amplitudes were taken as the lightcurve amplitude and 1σ
uncertainty, respectively.

For the ” null” lightcurves, i.e. those where no significant variation was de-
tected, we subtracted the typical error bar size from the total amplitude of the
data to obtain an upper limit to the amplitude of the KBO photometric varia-
tion.

In this section we present the results of the lightcurve analysis for each of the
observed KBOs. We found significant brightness variations (∆m > 0.15mag)
for 3 out of 10 KBOs (30% ), and ∆m ≥ 0.40mag for 1 out of 10 (10% ). This
is consistent with previously published results: SJ 02 found a fraction of 31%
with ∆m > 0.15mag and 23% with ∆m > 0.40mag, both consistent with our
results. The other 7 KBOs do not show detectable variations. The results are
summarized in Table 4.7.
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4.4 R esults

4.4.1 19 9 8 S N 165

The brightness of 1998 SN165 varies significantly (> 5σ) more than that of the
comparison stars (see Figs. 4.1 and 4.2-c). The periodogram for this KBO shows
a very broad minimum around P = 9hr (Fig. 4.3a). The degeneracy implied
by the broad minimum would only be resolved with additional data. A slight
weaker minimum is seen at P = 6.5 hr, which is close to a 24hr alias of 9 hr.

Peixinho et al. (2002, hereafter PDR02) observed this object in September
2000, but having only one night’s worth of data, they did not succeed in de-
termining this object’s rotational period unambiguously. We used their data to
solve the degeneracy in our PDM result. The PDR02 data have not been ab-
solutely calibrated, and the magnitudes are given relative to a bright field star.
To be able to combine it with our own data we had to subtract the mean mag-
nitudes. Our periodogram of 1998 SN165 (centered on the broad minimum) is
shown in Fig. 4.3b and can be compared with the revised periodogram obtained
with our data combined with the PDR02 data (Fig. 4.3c). The minima become
much clearer with the additional data, but because of the 1-year time diff erence
between the two observational campaigns, many close aliases appear in the pe-
riodogram. The absolute minimum, at P = 8.84 hr, corresponds to a double
peaked lightcurve (see Fig. 4.4). The second best fit, P = 8.7 hr, produces a
more scattered phase plot, in which the peak in the PDR02 data coincides with
our night 2. We will use P = 8.84 hr in the rest of the paper, as this corresponds
to the PDM absolute minimum.

The amplitude, obtained using the Monte Carlo method described in Sec-
tion 4.3.3, is ∆m = 0.16 ± 0.01mag. This value was calculated using only our
data, but it did not change when recalculated adding the PDR02 data.

4.4.2 19 9 9 D F 9

1999DF9 shows large amplitude photometric variations (∆mR ∼ 0.4mag). The
PDM periodogram for 1999DF9 is shown in Fig. 4.5. The best-fit period is P =
6.65 hr, which corresponds to a double-peak lightcurve (Fig. 4.6). Other PDM
minima are found close to P/2 ≈ 3.3 hr and 9.2 hr, a 24 hr alias of the best period.
Phasing the data with P/2 results in a worse fit because the two minima of the
double peaked lightcurve exhibit significantly diff erent morphologies (Fig. 4.6);
the peculiar shape of the brighter minimum, which is reproduced on two diff erent
nights, may be caused by an eff ect other than shape, e.g., a darker (lower albedo)
region on the KBO’s surface.

The amplitude of the lightcurve, estimated as described in Section 4.3.3, is
∆mR = 0.4 ± 0.02mag.
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Figure 4.3 – Periodogram for the data of 1998 SN165. The lower left panel (b) shows an
enlarged section near the minimum calculated using only the data published in this paper,
and the lower right panel (c) shows the same region recalculated after adding the PDR 02 data.
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Figure 4 .4 – Lightc u rv e o f 1 9 9 8 S N 165. T he fi gu re represen ts the data phased w ith the best

fi t perio d P = 8.84 hr. D iff eren t sym bo ls c o rrespo n d to diff eren t n ights o f o bserv atio n . T he

gray lin e is a 2 n d o rder Fo u rier series fi t to the data. T he P D R 0 2 data are sho w n as c ro sses.

4.4.3 2 0 0 1 C Z 31

This object shows su bstan tial brig htn ess variation s (4.5σ above the com parison
stars) in a system atic m an n er. The fi rst n ig ht of data seem s to sam ple n early on e
com plete rotation al phase. A s for 19 9 8 S N 165, the 2 001 C Z 3 1 data span on ly two
n ig hts of observation s. In this case, however, the P D M m in im a (see Fig s. 4.7 a
an d 4.7 b) are very n arrow an d on ly two correspon d to in depen den t periods,
P = 4.6 9 hr (the m in im u m at 5.8 2 is a 2 4 hr alias of 4.6 9 hr), an d P = 5.2 3 hr.

2 001 C Z 3 1 has also been observed by S heppard & J ewitt (2 002 , hereafter
S J 02 ) in Febru ary an d A pril 2 001, with in con c lu sive resu lts. We u sed their data
to try to ru le ou t on e (or both) of the two periods we fou n d. We su btracted the
S J 02 m ean m ag n itu des in order to com bin e it with ou r u n calibrated observation s.
Fig u re 4.7 c shows the section of the periodog ram arou n d P = 5hr, recalc u lated
u sin g S J 02 ’s fi rst n ig ht plu s ou r own data. The aliases are du e to the 1 m on th
tim e diff eren ce between the two observin g ru n s. The n ew P D M m in im u m is at
P = 4.7 1 hr— very c lose to the P = 4.6 9 hr determ in ed from ou r data alon e.

V isu al in spection of the com bin ed data set phased with P = 4.7 1 hr shows
a very g ood m atch between S J 02 ’s fi rst n ig ht (2 001 Feb 2 0) an d ou r own data
(see Fig . 4.8 ). S J 02 ’s secon d an d third n ig hts show very larg e scatter an d were
n ot in c lu ded in ou r an alysis. P hasin g the data with P = 5.2 3 hr yields a m ore
scattered lig htc u rve, which con fi rm s the P D M resu lt. We will u se P = 4.7 1 hr
throu g hou t the rest of the paper.

We m easu red a lig htc u rve am plitu de of ∆m = 0.2 1 ± 0.02 m ag . If we u se
both ou rs an d S J 02 ’s fi rst n ig ht data, ∆m rises to 0.2 2 m ag .
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Figure 4.5 – Periodogram for the 1999 DF9 data. The minimum corresponds to a lightcurve
period P = 6.65 hr.
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Figure 4.6 – Same as Figure 4.4 for K B O 1999 DF9. The best fit period is P = 6.65 hr. The
lines represent a 2nd order (solid line) and 5 th (dashed line) order Fourier series fits to the
data. Normalized χ2 values of the fits are 2.8 and 1.3 respectively.
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Figure 4.7 – Periodogram for the 2001 C Z 31 data. The lower left panel (b) shows an enlarged
section near the minimum calculated using only the data published in this paper, and the lower
right panel (c) shows the same region recalculated after adding the SJ 02 data.



The Shapes and Spins of KBOs 63

0 0.2 0.4 0.6 0.8 1

Phase

0.3

0.2

0.1

0

-0.1

-0.2

-0.3

R
e
la

ti
v
e

m
a
g
.

Figure 4.8 – Same as Figure 4.4 for KBO 2001 CZ31. The data are phased with period
P = 4.7 1 hr. The points represented by crosses are tak en from SJ02.

4.4.4 F la t L ig h tc u rv es

The fl uctuations detected in the optical data of K B O s 1996TO 66, 1996TS66,
1999TC36, 1999 R Z2 53, 2000CM10 5, and H uya, are well within the uncertainties.
Chaos shows some variations with respect to the comparison stars but no period
was found to fit all the data. See Table 4.7 and Fig. 4.9 for a summary of the
results.

4.4.5 O th er lig h tc u rv e m ea su rem en ts

The K B O lightcurve database has increased considerably in the last few years,
largely due to the observational campaign of SJ02, with a recent updates in
Sheppard & Jewitt (2003, hereafter SJ03) and Sheppard & Jewitt (2004). These
authors have published observations and rotational data for a total of 30 K B O s
(their SJ02 paper includes data for 3 other previously published lightcurves
in the analysis). O ther recently published K B O lightcurves include those for
(50000) Q uaoar (O rtiz et al. 2003) and the scattered K B O (29981) 1999TD10

(R ousselot et al. 2003). O f the 10 K B O lightcurves presented in this paper, 6
are new to the database, bringing the total to 41.

Table 4.8 lists the rotational data of the 41 K B O s that will be analyzed in
the rest of the paper.

4.5 A n a ly sis

In this section we ex amine the lightcurve properties of K B O s and compare them
with those of main-belt asteroids (MB As). The lightcurve data for these two
families of objects cover different size ranges. MB As, being closer to E arth,
can be observed down to much smaller sizes than K B O s; in general it is very



64 Analysis of the rotational properties

19. 20. 21. 22. 23. 24.

0.3
0.2
0.1
0.

-0.1
-0.2
-0.3

UT hours

0.2

0.1

0.

-0.1

-0.2

0.2

0.1

0.

-0.1

-0.2

-2. 0. 2. 4. 6.

0.2

0.1

0.

-0.1

-0.2

UT hours

0.2

0.1

0.

-0.1

-0.2

1. 2. 3. 4. 5. 6.

0.2

0.1

0.

-0.1

-0.2

UT hours

0.2

0.1

0.

-0.1

-0.2

0.2

0.1

0.

-0.1

-0.2

-3. -2. -1. 0. 1.

0.2

0.1

0.

-0.1

-0.2

UT hours

0.2

0.1

0.

-0.1

-0.2

0.2

0.1

0.

-0.1

-0.2

0. 1. 2. 3. 4. 5.

0.2

0.1

0.

-0.1

-0.2

UT hours

0.2

0.1

0.

-0.1

-0.2

0. 1. 2. 3.

0.2

0.1

0.

-0.1

-0.2

UT hours

0.1

0.

-0.1

0.1

0.

-0.1

2. 3. 4. 5. 6. 7.

0.1

0.

-0.1

UT hours

1996 TO66

1999Oct01

1996 TS66

1999Sep30

1996 TS66

1999Oct01

1996 TS66

1999Oct02

1999 RZ253

2001Sep12

1999 RZ253

2001Sep13

1999 RZ253

2001Sep14

2000 CM105

2001Feb13

2000 CM105

2001Feb14

Chaos

1999Oct01

Chaos

1999Oct02

1999 TC36

2001Sep11

1999 TC36

2001Sep12

1999 TC36

2001Sep13

Huya

2001Feb28

Huya

2001Mar01

Huya

2001Mar02

Figure 4.9 – The “ fl at” lightcurves are shown. The respective amplitudes are within the
photometric uncertainties.
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Ta b le 4.8 – Database of KBOs Lightcurve Properties.

Objec t D e sig n a tio n C la ssa Sizeb Perio dc ∆mR
d So u rcee

[k m ] [h r] [m ag ]

K B O s c o n sidered to h ave ∆m < 0.1 5 m ag

1 5 7 8 9 1 9 9 3 SC P 2 4 0 0.04 RT 9 9 , D M cG9 7
1 5 8 2 0 1 9 9 4 T B P 2 2 0 <0.04 SJ 02

1 9 9 6 GQ
21

S 7 3 0 <0.1 0 SJ 02
1 9 9 6 T L 6 6 S 4 8 0 0.06 RT 9 9 , L J 9 8

1 5 8 7 5 1 9 9 6 T P6 6 P 2 5 0 0.1 2 RT 9 9 , CB 9 9
1 9 9 7 CS29 C 6 3 0 <0.08 SJ 02
1 9 9 8 H K 15 1 P 1 7 0 <0.1 5 SJ 02

3 3 3 4 0 1 9 9 8 VG4 4 P 2 8 0 <0.1 0 SJ 02
1 9 5 2 1 Ch ao s C 6 00 <0.1 0 L L , SJ 02

1 9 9 9 D E 9 S 7 00 <0.1 0 SJ 02
4 7 1 7 1 1 9 9 9 T C3 6 Pb 6 00 <0.07 L L , SJ 03
3 8 6 2 8 H u y a P 7 4 0 <0.04 L L , SJ 03

2 000 Y W 13 4 S 7 9 0 <0.1 0 SJ 03
2 001 F P18 5 S 4 00 <0.1 0 SJ 03
2 001 F Z 17 3 S 4 3 0 <0.06 SJ 02
2 001 K D 7 7 P 4 3 0 <0.1 0 SJ 03

2 8 9 7 8 Ix io n P 1 3 1 0 <0.1 0 SJ 03 , O 01
2 001 Q F

298
P 5 8 0 <0.1 0 SJ 03

4 2 3 01 2 001 U R16 3 S 1 02 0 <0.1 0 SJ 03
4 2 3 5 5 2 002 CR4 6 S 2 1 0 <0.1 0 SJ 03
5 5 6 3 6 2 002 T X 3 0 0 C 1 2 5 0 1 6 .2 4 0.08±0.02 SJ 03
5 5 6 3 7 2 002 U X 25 C 1 09 0 <0.1 0 SJ 03
5 5 6 3 8 2 002 VE 95 P 5 00 <0.1 0 SJ 03

2 000 CM 10 5 C 3 3 0 <0.1 4 L L
1 9 9 9 RZ 25 3 Cb 3 8 0 <0.05 L L
1 9 9 6 T S6 6 C 3 00 <0.1 4 L L

K B O s c o n sidered to h ave ∆m ≥ 0.1 5 m ag

3 2 9 2 9 1 9 9 5 Q Y
9

P 1 8 0 7 .3 0.6 0±0.04 SJ 02 , RT 9 9
2 4 8 3 5 1 9 9 5 SM 5 5 C 6 3 0 8 .08 0.1 9±0.05 SJ 03
1 9 3 08 1 9 9 6 T O 6 6 C 7 2 0 7 .9 0.2 6±0.03 SJ 03 , H 00
2 6 3 08 1 9 9 8 SM 16 5 R 4 00 7 .1 0.4 5±0.03 SJ 02 , R01
3 3 1 2 8 1 9 9 8 B U 4 8 S 2 1 0 9 .8 0.6 8±0.04 SJ 02 , R01
4 03 1 4 1 9 9 9 K R16 C 4 00 1 1 .8 5 8 0.1 8±0.04 SJ 02
4 7 9 3 2 2 000 GN 17 1 P 3 6 0 8 .3 2 9 0.6 1±0.03 SJ 02
2 0000 Varu n a C 9 8 0 6 .3 4 0.4 2±0.03 SJ 02

2 003 A Z 8 4 P 9 00 1 3 .4 4 0.1 4±0.03 SJ 03
2 001 Q G

298
Pcb 2 4 0 1 3 .7 7 4 4 1 .1 4±0.04 SJ 04

5 0000 Q u ao ar C 1 3 00 1 7 .6 7 8 8 0.1 7±0.02 O 03
2 9 9 8 1 1 9 9 9 T D 10 S 1 00 1 5 .3 8 3 3 0.5 3±0.03 Ro u 03
3 5 6 7 1 1 9 9 8 SN 16 5 C 4 00 8 .8 4 0.1 6±0.01 L L

1 9 9 9 D F 9 C 3 4 0 6 .6 5 0.4 0±0.02 L L
2 001 CZ 3 1 C 4 4 0 4 .7 1 0.2 1±0.06 L L

aDynamical class (C = classical K B O , P = Plu tino , b = binary K B O ).
bDiameter in k m assu ming an albedo o f 0 .0 4 , ex cept fo r (2 0 0 0 0 ) Varu na which has a k nown

albedo o f 0 .0 7 .
cPerio d o f the lig htcu rv e in ho u rs. Fo r K B O s with bo th sing le and do u ble peak ed po ssible

lig htcu rv es the do u ble peak ed perio d is listed.
dL ig htcu rv e amplitu de in mag nitu des.
eDM cG 9 7 = Dav ies et al. (1 9 9 7 ), C B 9 9 = C o llander-B rown et al. (1 9 9 9 ), H 0 0 = H ainau t

et al. (2 0 0 0 ), L J 9 8 = L u u & J ewitt (1 9 9 8 ), O 0 1 = O rtiz et al. (2 0 0 1 ), O 0 3 = O rtiz et al. (2 0 0 3 ),
RT9 9 = Romanishin & Teg ler (1 9 9 9 ), R0 1 = Romanishin et al. (2 0 0 1 ), Ro u 0 3 = Ro u sselo t
et al. (2 0 0 3 ), S J 0 2 = S heppard & J ewitt (2 0 0 2 ), S J 0 3 = S heppard & J ewitt (2 0 0 3 ), S J 0 4 =
S heppard & J ewitt (2 0 0 4 ), L L = this wo rk .
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Figure 4 .1 0 – His-
tograms of the spin
periods of KBOs (upper
panel) and main belt
asteroids (lower panel)
satisfying D > 200 km,
∆m ≥ 0.15 mag,
P < 20 hr. The mean ro-
tational periods of KBOs
and MBA s are 9.23 hr
and 6 .48 hr, respectively.
The y-axis in both cases
indicates the number of
objects in each range of
spin periods.

diffi c u lt to obtain g ood q u ality lig htc u rves for K B O s with diam eters D < 50 k m .
Fu rtherm ore, som e K B O s su rpass the 1 0 0 0 k m barrier— assu m in g a 0 .0 4 albedo,
5 objects in the c u rren t database have diam eters in ex cess of 1 0 0 0 k m — whereas
the larg est asteroid, C eres, does n ot reach 90 0 k m . T his will be tak en in to
ac cou n t in the an alysis.

T he lig htc u rve data for asteroids was tak en from the H arris L ig htc u rve C ata-
log 2, Version 5, while the diam eter data were obtain ed from the L owell O bserva-
tory database of asteroids orbital elem en ts3. T he sizes of K B O s were calc u lated
from their absolu te m ag n itu de assu m in g an albedo of 0 .0 4 , ex cept for Varu n a
for which sim u ltan eou s therm al an d optical observation s have yielded a red g e-
om etric albedo of 0 .0 7 + 0.30

−0.17 (J ewitt et al. 2 0 0 1 ).

4.5.1 S pin pe rio d sta tistic s

A s Fig . 4 .1 0 shows, the spin period distribu tion s of K B O s an d M B A s are sig n if-
ican tly diff eren t. B ecau se the sam ple of K B O s of sm all size or larg e periods is
poor, to avoid bias in ou r com parison we con sider on ly K B O s an d M B A s larg er
than 2 0 0 k m an d with periods below 2 0 hr. In this ran g e the m ean rotation al
periods of K B O s an d M B A s are 9.2 3 hr an d 6.4 8 hr, respectively, an d the two
are diff eren t with a 98 .5% con fi den ce ac cordin g to S tu den t’s t-test. H owever,
the diff eren t m ean s do n ot ru le that the u n derlyin g distribu tion s are the sam e,
an d cou ld sim ply m ean than the two sets of data sam ple the sam e distribu tion
diff eren tly. T his is n ot the case, however, ac cordin g to the K olm og orov-S m irn ov

2http://pdssbn.astro.umd.edu/sbnhtml/asteroids/colors lc.html
3ftp://ftp.lowell.edu/pub/elgb/astorb.html
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(K-S) test, which gives a probability that the periods of KBOs and MBAs are
drawn from the same parent distribution of 0.7%.

Although it is clear that KBOs spin slower than asteroids, it is not clear
why this is so. If collisions have contributed as significantly to the angular
momentum of KBOs as they did for MBAs (Farinella et al. 1982; Catullo et al.
1984), then the observed difference should be related to how these two families
react to collision events.

We will address the question of the collisional evolution of KBO spin rates
in Chapter 5.

4.5.2 L ig h tcu rv e am plitu des and th e sh apes of K B O s

The cumulative distribution of KBO lightcurve amplitudes is shown in Fig. 4.11.
It rises very steeply in the low amplitude range, and then becomes shallower
reaching large amplitudes. In quantitative terms, ∼ 70% of the KBOs possess
∆m < 0.15mag, while ∼ 12% possess ∆m ≥ 0.40mag, with the maximum value
being ∆m = 0.68mag. [N ote: Fig. 4.11 does not include the KBO 2001 Q G 298

which has a lightcurve amplitude ∆m = 1.14 ± 0.04mag, and would further
extend the range of amplitudes. We do not include 2001 Q G 298 in our anal-
ysis because it is thought to be a contact binary (Sheppard & Jewitt 2004)].
Figure 4.11 also compares the KBO distribution with that of MBAs. The distri-
butions of the two populations are clearly distinct: in the low amplitude range
(∆m < 0.15mag) the KBO distribution is steeper than the MBA distribution
and extends to larger values of ∆m.

Figure 4.12 shows the lightcurve amplitude of KBOs and MBAs plotted
against size. KBOs with diameters larger than D = 400 km seem to have lower
lightcurve amplitudes than KBOs with diameters smaller than D = 400 km. Stu-
dent’s t-test confirms that the mean amplitudes in each of these two size ranges
are different at the 98.5% confidence level. For MBAs the transition is less sharp
and seems to occur at a smaller size (D ∼ 200 km). In the case of asteroids,
the accepted explanation is that small bodies (D . 100 k m ) are frag m en ts of
h ig h -velocity im pacts (C atu llo et al. 19 8 4 ), w h ereas th eir larg er cou n terparts
(D > 2 00 k m ) are n ot. T h e lig h tcu rve d ata of sm all K B O s are still too sparse
to perm it a sim ilar an alysis.

T h e d istribu tion of lig h tcu rve am plitu d es can be u sed to in fer th e sh apes of
K B O s, if certain reason able assu m ption s are m ad e (see, e.g ., L L 03 a). G en erally,
objects w ith elon g ated sh apes prod u ce larg e brig h tn ess variation s d u e to th eir
ch an g in g projected cross-section as th ey rotate. C on versely, rou n d objects, or
th ose w ith th e spin ax is alig n ed w ith th e lin e of sig h t, prod u ce little or n o
brig h tn ess variation s, resu ltin g in ” fl at” lig h tcu rves. F ig u re 4 .12 sh ow s th at th e
lig h tcu rve am plitu d es of K B O s w ith d iam eters sm aller an d larg er th an D =
4 00 k m are sig n ifi can tly d iff eren t. D oes th is m ean th at th e sh apes of K B O s
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are also different in these two size ranges? To investigate this possibility of
a size dependence among KBO shapes we will consider KBOs with diameter
smaller and larger than 400 km separately. We shall loosely refer to objects with
diameter D > 400 km and D ≤ 400 km as larger and sm aller KBOs, respectively.

We approximate the shapes of KBOs by triaxial ellipsoids with semi-axes
a > b > c. For simplicity we consider the case where b = c and use the axis ratio
ã = a/b to characterize the shape of an object. The orientation of the spin axis
is parameterized by the aspect angle θ, defined as the smallest angular distance
between the line of sight and the spin vector. On this basis the lightcurve
amplitude ∆m is related to ã and θ via the relation (E q n. 2.2 with c̄ = 1)

∆m = 2.5 log

√

2 ã2

1 + ã2 + (ã2 − 1) cos(2 θ)
. (4.1)

Following LL03b we model the shape distribution by a power-law of the form

f(ã) dã ∝ ã−q dã (4.2)

where f(ã) dã represents the fraction of objects with shapes between ã and
ã+dã. We use the measured lightcurve amplitudes to estimate the value of q by
employing both the method described in LL03a, and by M onte Carlo fitting the
observed amplitude distribution (S J 02; LL03b). The latter consists of generating
artificial distributions of ∆m (E q n. 4.1) with values of ã drawn from distributions
characterized by different q’s (E q n. 4.2), and selecting the one that best fits the
observed cumulative amplitude distribution (Fig. 4.11). The values of θ are
generated assuming random spin axis orientations. We use the K-S test to
compare the different fits. The errors are derived by bootstrap resampling the
original data set (E fron 197 9), and measuring the dispersion in the distribution
of best-fit power-law indexes, qi, found for each bootstrap replication.

Following the LL03a method we calculate the probability of finding a KBO
with ∆m ≥ 0.15mag:

p(∆m ≥ 0.15) ≈

∫ ãmax

√
K

f(ã)

√

ã2 − K

(ã2 − 1)K
dã. (4.3)

where K = 100.8×0.1 5 , f(ã) = C ã−q, and C is a normalization constant. This
probability is calculated for a range of q’s to determine the one that best
matches the observed fraction of lightcurves with amplitude larger than 0.15mag.
These fractions are f(∆m ≥ 0.15mag; D ≤ 400 km) = 8/18, and f(∆m ≥

0.15mag; D > 400 km) = 6/22, and f(∆m ≥ 0.15mag) = 14/40 for the com-
plete set of data. The results are summarized in Table 4.9 and shown in Fig. 4.13.

Both methods yield steeper shape distributions for larger KBOs, implying
more spherical shapes in this size range (Table 4.9). A distribution with q = 9.8
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Figure 4.13 – Observed cumulative lightcurve amplitude distributions of KBOs (black circles)
with diameter smaller than 400 km (upper left panel), larger than 400 km (lower left panel),
and of all the sample (lower right panel) are shown as black circles. E rror bars are poissonian.
The best fi t power-law shape distributions of the form f(ã) dã = ã−q dã were converted to
amplitude distributions using a M onte Carlo techniq ue (see text for details), and are show as
solid lines. The best fi t q’s are listed in Table 4.9 . The gray crosses show the distributions for
asteroids in the same size ranges.

Method

S ize ra n g e L L 0 3 MC

D ≤ 400 k m q = 4.0+2.0

−1.5 q = 4.5 ± 2.3

D > 400 k m q = 6.7+2.7

−2.1 q = 9.8 ± 2.6

A ll siz e s q = 5.8+1.4

−1.3 q = 6.1 ± 1.7

Ta b le 4 .9 – Best fi t p aram eter to the

K BO shap e distrib u tio n . C o lu m n 1 is

the ran g e o f K BO diam eters, in k m , c o n -

sidered in each case. C o lu m n s 2 an d

3 are the resu lts fro m the m etho d de-

sc rib ed in L L 0 3, an d fro m a M o n te C arlo

fi t o f the lig htc u rv e am p litu de distrib u -

tio n , resp ectiv ely . S ee tex t fo r detailed

disc u ssio n .

predicts that ∼8 0 % o f the larg e K B O s have a/b < 1.2 . Fo r the sm aller o b jects

we fi n d a shallower distrib u tio n , q ∼ 4− 4.5 , which im plies a sig n ifi can t fractio n

o f very elo n g ated o b jects: ∼ 15 % have a/b > 1.7 . A ltho u g h b ased o n sm all
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numbers, the shape distribution of large KBOs is well fit by a simple power-law
(the K-S rejection probability is 0.3%). T his is not the case for smaller KBOs
for which the fit is poorer (K-S rejection probability is 6 1%, see Fig. 4.13 ).
Our results are in agreement with previous studies of the overall KBO shape
distribution, which had already shown that a simple power-law does not ex plain
the shapes of KBOs as a whole (L L 03 b; S J 02).

T he results presented in this section suggest that the shape distributions of
smaller and larger KBOs are diff erent. H owever, given the size of our sample, we
cannot conclusively state that this diff erence is significant. Better observational
contraints, particularly of smaller KBOs, are necessary to understand the origin
of the KBO shape distribution. A comparison with asteroids suggests that the
collisional evolution may have played an important role. C ollisions in the aster-
oid belt have left diff erent marks in smaller and larger bodies. T he shapes of
smaller asteroids (D ≤ 100 km) are consistent with collisional fragments (C atullo
et al. 19 84), indicating that they are most likely by-products of disruptive colli-
sions. L arger asteroids have in principle survived collisional destruction for the
age of the solar system, but may nonetheless have been converted to rubble piles
by repeated impacts. As a result of multiple collisions, the “ loose” pieces of the
larger asteroids may have reassembled into shapes close to triax ial eq uilibrium
ellipsoids (Farinella et al. 19 81).

4.5.3 T h e in n e r stru c tu re o f K B O s

In this section we wish to investigate if the rotational properties of KBOs show
any evidence that they have a rubble pile structure; a possible dependence on
object size is also investigated.

Figure 4.14 plots the lightcurve amplitudes versus spin periods for the 15
KBOs whose lightcurve amplitudes and spin period are known. Open and filled
symbols indicate the KBOs with diameter smaller and larger than D = 400 km,
respectively. C learly, the smaller and larger KBOs occupy diff erent regions of
the diagram. For the larger KBOs (black filled circles) the (small) lightcurve
amplitudes are almost independent of the objects’ spin periods. In contrast,
smaller KBOs span a much broader range of lightcurve amplitudes. T wo object
objects have very low amplitudes: 19 9 8 S N 165 and 19 9 9 KR 16, which have diam-
eters D ∼ 400 km and fall precisely on the boundary of the two size ranges. T he
remaining objects hint at a trend of increasing ∆m with lower spin rates. T he
one ex ception is 19 9 9 T D 10 , a S cattered D isk Object (e = 0.872, a = 9 5.703 AU )
that spends most of its orbit in rather empty regions of space and most likely
has a diff erent collisional history.

For comparison, Fig. 4.14 also shows results of N -body simulations of colli-
sions between “ ideal” rubble piles (gray filled circles; L einhardt et al. 2000), and
the lightcurve amplitude-spin period relation predicted by ellipsoidal figures of
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hydrostatic equilibrium (dashed and dotted lines; Chandrasekhar 1969; Holsap-
ple 2001). The latter is calculated from the equilibrium shapes that rotating
uniform fl uid bodies assume by balancing gravitational and centrifugal acceler-
ation. The spin rate-shape relation in the case of uniform fl uids depends solely
on the density of the body. Although fl uid bodies behave in many respects dif-
ferently from rubble piles, they may, as an extreme case, provide insight on the
equilibrium shapes of gravitationally bound agglomerates.

The simulations of Leinhardt et al. (2000, hereafter LRQ 2000) consist of
collisions between agglomerates of small spheres meant to simulate collisions be-
tween rubble piles. E ach agglomerate consists of ∼ 1000 spheres, held together
by their mutual gravity, and has no initial spin. The spheres are indestructible,
have no sliding friction, and have coeffi cients of restitution of ∼ 0.8. The bulk
density of the agglomerates is 2000 kgm−3. The authors collide two equal-size
rubble piles for a range of impact velocities and impact parameters. The impact
velocities range from ∼ zero at infinity to a few times the critical velocity for
which the impact energy would exceed the mutual gravitational binding energy
of the two rubble piles. The impact geometries range from head-on collisions
to grazing impacts. The mass, final spin period, and shape of the largest rem -

nant resulting from each collision are registered and presented (see Table 1 of
LRQ 2000). From their results, we selected the outcomes for which the mass of
the largest remnant is equal or larger than the mass of one of the colliding rubble
piles, i.e., we selected only accreting outcomes. The spin periods and lightcurve
amplitudes that would be generated by such remnants (assuming they are ob-
served equator-on) are plotted in Fig. 4.14 as gray circles. Nine points, resulting
from head-on collisions, are not visible because the periods are larger than 19 hr,
up to ∼ 650 hr. Note that the simulated rubble piles have radii of 1 km— much
smaller than the sizes of the KBOs in our database. However, since the effects of
the collision scale with the ratio of impact energy to gravitational binding energy
of the colliding bodies (Benz & Asphaug 1999), the model results should apply
to other sizes. Clearly, the LRQ 2000 model makes several specific assumptions,
and represents one possible idealization of what is usually referred to as “rubble
pile”. Nevertheless, the results are illustrative of how collisions may affect this
type of structures, and are useful for comparison with the KBO data.

The lightcurve amplitudes resulting from the LRQ 2000 experiment are rel-
atively small (∆m < 0.25mag) for spin periods larger than P ∼ 5.5 hr (see
Fig. 4.14). Objects spinning faster than P = 5.5 hr have more elongated shapes,
resulting in larger lightcurve amplitudes, up to 0.65 magnitudes. The latter are
the result of collisions with higher angular momentum transfer than the former
(see Table 1 of LRQ 2000). The maximum spin rate attained by the rubble piles,
as a result of the collision, is ∼ 4.5 hr. This is consistent with the maximum
spin expected for bodies in hydrostatic equilibrium with the same density as the
rubble piles (ρ = 2000 kgm−3; see long-dashed line in Fig. 4.14). The results of
LRQ 2000 show that collisions between ideal rubble piles can produce elongated
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Figure 4.1 4 – Lightcurve amplitudes versus spin periods of KBOs. T he black filled and open
circles represent objects larger and smaller than 4 00 km, respectively. T he smaller gray circles
show the results of numerical simulations of “ rubble-pile” collisions (Leinhardt et al. 2000). T he
lines represent the locus of rotating ellipsoidal figures of hydrostatic eq uilibrium with densities
ρ = 5 00 kg m−3 (dotted line), ρ = 1000 kg m−3 (shorter dashes) and ρ = 2000 kg m−3 (longer
dashes). T he point towards the upper right corner of the plot corresponds to 2001 Q G 29 8

(P = 13.7 7 hr, ∆m = 1.14 mag), a likely contact binary KBO (Sheppard & J ewitt 2004 ).

remnants (when the projectile brings significant angular momentum into the
target), and that the spin rates of the collisional remnants do not extend much
beyond the maximum spin permitted to fluid uniform bodies with the same bulk
density.

The distribution of KBOs in Fig. 4.14 is less clear. Indirect estimates of
KBO bulk densities indicate values ρ ∼ 1000 kgm−3 (Luu & Jewitt 2002). If
KBOs are strengthless rubble piles with such low densities we would not expect
to find objects with spin periods lower than P ∼ 6 hr (as indicated by the
dashed line in Fig. 4.14). However, one object (2001CZ 31), is found to have
a spin period below 5 hr. If this object has a rubble pile structure, its density
must be at least ∼ 2000 kgm−3 (see Fig. 4.14). The remaining 14 objects have
spin periods below the expected upper limit, given their estimated density. Of
the 14, 4 objects lie close to the line corresponding to equilibrium ellipsoids of
density ρ = 1000 kgm−3. One of these objects, (20000) Varuna, has been studied
in detail by Sheppard & Jewitt (2002). The authors conclude that Varuna is
best interpreted as a rotationally deformed rubble pile with ρ ≤ 1000 kgm−3.
One object, 2001QG 2 9 8 , has an exceptionally large lightcurve amplitude (∆m =
1.14mag), indicative of a very elongated shape (axes ratio a/b > 2.85). G iven
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its modest spin rate (P = 13.8 hr) and approximate size (D ∼ 240 km) it is
unlikely that it would be able to keep such an elongated shape against the crush
of gravity. Analysis of the lightcurve of this object (Sheppard & Jewitt 2004)
suggests it is a contact (or very close) binary KBO. The same applies to two
other KBOs, 2000GN171 and (33128) 1998BU4 8, also very likely to be contact
binaries.

To summarize, based on the available rotational properties of KBOs, it is
not clear if they have a rubble pile structure. Comparing the KBO data with
results from computer simulations of rubble pile collisions (LRQ2000) we find
that 11 out of 15 (∼ 73%) KBOs have rotational data that follows essentially the
same trends as the LRQ2000 results. Of the 11 KBOs, 5 (45%) have diameters
D ≤ 400 km, and 6 (55%) have diameters D > 400 km. If these KBOs are rubble
piles then their spin rates set a lower limit to their bulk density: one object
(2001CZ31) spins fast enough that its density must be at least ρ ∼ 2000 kgm−3,
while 4 other KBOs (including (20000) Varuna) must have densities larger than
ρ ∼ 1000 kgm−3. A better assessment of the inner structure of KBOs will
require more observations, and detailed modelling of the collisional evolution of
rubble-piles.

4.6 C o n c lu sio n s

We have collected and analyzed R-band photometric data for 10 Kuiper Belt
objects, 5 of which have not been studied before. No significant brightness vari-
ations were detected from KBOs 2000CM 105, 1999RZ253, 1996TS66. P reviously
observed KBOs Chaos, 1999TC36, and Huya were confirmed to have very low
amplitude lightcurves (∆m ≤ 0.1mag). 1998 SN165, 1999DF9, and 2001CZ31

were shown to have periodic brightness variations. Our lightcurve amplitude
statistics are thus: 3 out of 10 (30%) observed KBOs have ∆m ≥ 0.15mag,
and 1 out of 10 (10%) has ∆m ≥ 0.40mag. This is consistent with previously
published results.

The rotational properties that we obtained were combined with existing data
in the literature and the total data set was used to investigate the distribution of
spin period and shapes of KBOs. Our conclusions can be summarized as follows:

1. KBOs with diameters D > 200 km have a mean spin period of 9.23 hr,
and thus rotate slower on average than main belt asteroids of similar size
(〈P 〉M B A s = 6.48 hr). The probability that the two distributions are drawn
from the same parent distribution is 0.7%.

2. 26 of 37 KBOs (70%, D > 200 km) have lightcurve amplitudes below
0.15mag. In the asteroid belt only 10 of the 27 (37%) asteroids in the
same size range have such low amplitude lightcurves.

3. KBOs with diameters D > 400 km have lightcurves with significantly
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(98.5% confidence) smaller amplitudes (〈∆m〉 = 0.13mag, D > 400 km)
than KBOs with diameters D ≤ 400 km (〈∆m〉 = 0.26mag, D ≤ 400 km).

4. The shape distributions are different for these two size ranges, and predict
a larger fraction of round objects in the D > 400 km size range (f(a/b >
1.2) ∼ 80%) than in the group of smaller objects (f(a/b > 1.2) ∼ 50%).

5. The rotational properties of KBOs suggest that some of these objects may
have a rubble pile structure: 73% of KBOs with measured spin periods
have lightcurve amplitudes and spin periods consistent with rubble piles
of density ρ & 1000 kgm−3. However, the data are too sparse to allow a
conclusive assessment of the inner structure of KBOs.

6. KBO 2001CZ31 has a spin period of P = 4.71 hr. If this object has a
rubble pile structure then its density must be ρ & 2000 kgm−3. If the
object has a lower density then it must have internal strength.
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