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Motivation
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Small Body Discoveries

o
(6]
T

First Kuiper Belt
Object (KBO)

N

104 PR T T N TR TR R T NN T T SN T S T TR TN SN N T T S S NN T S

1980 1985 1990 1995 2000 2005
Year

n
R
(o]
[ -
3}
-
7
<
o
(o]
[ -
©
0o
£
>
pd
5
>
2
O
>
£
5
(@)

S. D. Benecchi 8 April 2013
o




Asteroid Families

asteroid proper orbital elements

20 — ™ T — T - T T T
18' A' - 44 Nysa
' : nstatite achondries
16F R 4 Vesta
14} _ . f 1 Eucrites
E basaltic achondrites)
12F B o 433 Eros
5 B G Ordirary chondries,
o\_.'] Or ] 8 ﬁswny-mns
O £ Enstatite choncrites, Irons
2| : 16 Psyche
8t S /_/_,_1 Ceres
Lom=TT T Carbonaceous chondrites
6 L .
Increasing wavelength
4} . infrared
2r « Orbits related
oL—— S N  Physical characteristics
2 212223242526272829 3 3132333435

a, (AU)

S. D. Benecchi 8 April 2013



Outline

~ Motivation & Background
< Survey Tecl
<>

Take home messages:

+ Objects in the Kuiper Belt can be used as tracers for planetary
migration.

+ The characteristics of Kuiper Belt objects can"help s learn about the
distribution of material in the original solarnebul

8 April 2013

e



Example The Deep Ecllptlc Survey
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DES Discoveries

Searched 800 square degrees

321,146 astrometric
measurements,
many main belt objects

- 498 objects designated through
the Minor Planet Center (MPC)
d another 371 undesignated
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THE OUTER SOLAR SYSTEM Current KBO Population

This animation shows the motion of the outer part of the Focus on End-Members
solar system over a 100-year time period. The sun is at ObjeCtS in dynamica”y interesting

the center and the orbits of the planets Jupiter, Saturn
Uranus and Neptune are shown in light blue (the locations |0 C ations

of each planet are shown as large crossed circles). p 4
Cold Classical Kuiper Belt
Resonance populations

Comets: blue squares (filled for numbered periodic comets,
outline for other comets)

High-e objects: cyan triangles Centaurs (tranSition ObjeCtS)
Centaurs: orange triangles .
Plutinos: white circles (Pluto itself is the large white crossed Large ObjECtS

crele) Binaries

"Classical” TNOs: red circles
Scattered Disk Objects: magenta circles

The individual frames were generated 10 20 30 m &5 = . aAU]
the PGPLOT graphics library. The an LL1|1111I1111111111111111111.l1111|111111111|1111I,1111|111111,111|,1,11111}11.
RISC OS 4.03 system using !InterGif.
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Plot prepared by the Minor Plane

Face-on

~1600 Objects
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Current KBO Population

Focus on End-Members
Objects in dynamically interesting
locations
Cold Classical Kuiper Belt
Resonance populations
Centaurs (transition objects)
Large Objects
Binaries

- 110 lzo 130 |4o Iso Iso 170
o B 1 T P T 9 O T o B T e T o o A

i[°]
— 60
—50
L 40

— 30

.Z;UC“'D>CD —

T
9

nWCZ2>0C —

1

** Chariklo,
Ls

Chiron
. .

Scattered disk

2004 XR

MZC—TVMZ ==

a AU

| o I

].

-

D 1000km

H 30 40 50 6.0

—— Trans-Neptunian objects




<>

<>

Faint-end slope o,

ation distribution
£

[J
[ * o A
cal

N
<> )

...................

o
>

o
>

o
[N

o

S
N

o
S

......

Bright-end slope «

18 April 2013

lassical population double peaked
osity function/size distribution

xcited populations different
ides farther still: cold/hot

Cold,
A ALY
A
A i
YIS
/-
Mol
S, \".
’ N
/ N
o N
‘e \
_____ 2 )
S S e T T T e
Close

X

.o T T
0.20 . ]
Classical
0.15
0.10
0.05
0.00
0.20 | ]
Resonant
0.15 ]
0.10 |
0.05 - "{\
t, T 1"‘\
% “3a, L
0.00 A, e g B e gy
o20f %
0.15 Near (32) Extended (9)
0.10 /I\\
015 F o ey 4';/;.\}
0.00 7‘ ‘Ek I “1/ e
0 10 20 30 40 50 O 10 20 30 40 50 60
0.10 | ]
3 Scattered
0.05 | N
nnn "l'-:—-\(l i L }\"'-._ I X
10 20 30 40 50 60
KBP Inclination, iy (deg.)

"

-

namical Studies: Differences between classes




Density in the Solar System

Iron

- > -
Terrestrial Planets Gaseous Planets

Kuiper
Belt

Asteroids

')Dr” 2013



Outline

- Motivation & Background
% chniques
< Binarie

<>

<>

<>

Take home messages: -'

+ Objects in the Kuiper Belt can be used as tracers for planetary
migration.

+ The characteristics of Kuiper Belt objects can"help s learn about the
distribution of material in the original solarnebul



Binaries

inary orbit -> system mass.

epler’s 3rd law (mID + ms) =4x°a’/GP?
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HST Binary Search

taset Details
PC2 and ACS/HRC, 3 programs
9 objects, 3-4 images each
/;(-' ta with standard HST pipeline

’SF fitting of images using models
Ny Tim considering both singl

Science Motivation: Binaries allow us to extract physical
information (density/compaosition)*about these objects
from a distance. Also because these systems can be
broken up they tell us about the dynamlcal excitation in
the Kuiper Belt.



o
'1

Data

Model: PSFx1

Resid Scale 1 Resid Scale 2

u" ;:.-
I-I.- .

Ma [
[ 3 § bu

S .
el B Rl
ALﬁﬁl
aw N I.. _I
o a

ﬁl

B
.1 ‘

Data Model: PSFx2

s Sample Data

€« WFPC2
ACS/HRCW

(A) (47171) 1999 TC 3¢

Model, Single PSF

Model, Double PSF

(26308) 1999 SM ;¢
X 5

Model, Single PSF

M 2013/

Residual

Residual

Residual




Binaries in the
Kuiper Belt
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Binary Orbits

HST/WFPC2 and HST/ACS programs (also some Keck LGS AO)
4 observations per HST orbit, 5 or more orbits per object

Filter: F606W ~ V, F814W ~ |
- 18+ objects

__ Analyzed data with standard HST pipeline and iterative PSF fitting of
i ages with Tiny Tim models.

Science Motivatior

Belt to learn abc
scattering in the

"~

2001 QL,s,, 5 HST visits with WFPC ndy et al. 2009 Icarus
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Current Inventory
of Binaries
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Tightness -vs- Excitation
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Summary

2 orbits (more In progress), 8 with orbital ambiguity
esolved: 6 prograde and 2 retrograde

jods range from 5 to over 800 days
I-major axis ranges from 1,600 to 37,000 km
ange from O to 0.82

S range from 2x10%7 to 2x10%2 kg
S are near equal mass but the
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KBO Colors (Singles and Binaries)

- Compilation of all color data from the literature

bjects that have multiple measurements are combined
veighted averages

K (optical and IR)
ors of 22 binaries in F606W,F814W (V1)
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~omparison: Binaries & “Singles”

Probability the distribution is the same for (assumed) singles ‘
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Discussion

ld Classical objects, i<6°, come from a different distribution than
sonant or excited objects, both optical and infrared colors
onclusion

elations between color and dynamical properties
(s, eccentricity, inclination and perihelion)

bimodal
onance object

not really €

“

The colors of the approximately ec S pinaries in our
sample are representative of the larg BO population - the
coloring mechanism is not unigj pDinary systems.

KBO color is related to'the'region of formation or to the region in
which these objects currently reside./"



Outline

tivation & Background
/ Techniques

Variability/Lightcurve

p= | |

Take home messages:

+ Objects in the Kuiper Belt can be used as tracers for planetary
migration.

+ The characteristics of Kuiper Belt objects can"help s learn about the
distribution of material in the original solarnebul

8 April 2013

e



Lightcurves

taset Details
U Pont, Magellan
- Observed objects on at least 3 nights, preferably 2 observing

A

+ / ects (to report on) + 7 resolved binaries (data under
+ thern Hemisphere TNOs, Binary TNOs, Bright

NOs : |
in the literature

net obser
J'f"l S) a c

Science Motivation: Investigate"now rotation is influenced by size,
shape and dynamical interactions. Agawe binariés representative

. }pﬁl 2013

of the larger population.



Single Object Lightcurve Interpretations

Surface Feature Dominated Shape Dominated
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Lightcurve Interpretations:
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Sample Lightcurves
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Resolved Blnary (88611) Teharon

2250 | ' i The secondary
22.751 | variation dominates
C + TR + + M # 4

e A e L S (I the lightcurve.
23.25[ ]

magnitude (Sloan r')

normalized magnitude

5.5 hour period
0 1 2 3 4 5
time (hours)

time (hours)




Binary Lightcurves (resolved and
unresolved):
Investigating Interaction History
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(79360) Sila/Nunam Mutual Events

lence Goal: Mutual events occur when the components of a
binary system occult and eclipse each other. Combining the

Ilts of multiple mutual events over time allows us to

ne accurate sizes, and to map shapes and the

of surface ices on remote objects in the outer solar
| task that cannot be accomplished with other types of

ofine the Py,

o
0
©
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UT 8 February 2013 Event: Prediction
Superior Occultation + Eclipse

ut of eclipse baseline. Prediction (UT)

Start: 2013/02/08 00:30
Mid-time: 2013/02/08 O

_ T End: 2013/02/08 09:0
! ’ - Duration: Wours
! ' " L Eventsuaring20130208UT
2 06 — ]
g L R 200f
g | T ﬁ
g R 1002—
047G starts ~21h . ]

™ - | :
i du Pont runs ~2-8h -100F
0.2 — F

= - 5 5
IRTF runs ~6-14h . -200 NG
F Start:00:30 UT E

.........................................................................

0 2 4 6 8
UT time (hours) 2013/02/07 to 2013/02/08

S. D. Benecchi, K. S. Na

18 April 2013




Binary Eclipse Tutorial
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Outline

tivation & Background
/ Techniques
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< Summary & Implications:

Take home messages:
+ Objects in the Kuiper Belt can be used as tracers for planetary

migration.

+ The characteristics of Kuiper Belt objects can"help s learn about the
distribution of material in the original solarnebul

8 April 2013
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Schematic of Outer Solar System Formation
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The “Nice” model. Figure from Gomes 2003, EMP.and We
Model: Series of papers by Morbidelli, Levison, Gomes J8iganis, 2005

S.D. Be ﬁrn 2013




~ Reflections on ~20 years of Kuiper Belt
g Astronomy

<> lanetary system is much larger than we had

nougnt.
rn “It's akin to not having maps of the Earth
the Pacific Ocean as recently as 1992!

Nns and orbits can change in
cts of planetary mi |
ely other

J
—~

/"

S. D. Benecch fﬂ 2013




Thanks for listening. Questions?



