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Background.Image: section of summed
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' The Kuiper Belt as an accretion and dynamlcs
laboratory :

' Design and Executien of the ACS Survé_y

TNO Discove‘r_ies & Followup

_. Impli’cations for Solar Systeﬁi Evolution

- Light Curves and Astrometry 7
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Planet Formation Scenario:

i

£

Theoretical Expectation:

Collapse of gas/dust cloud
to form protostar and nebular
disk: - -

i

Coagulation of grains,
runaway gravitgtional growth
of planetesimals

Oliga;chic growth of planetesimals.

L]

Gas accretion onto largest bodies,
dissipation of gas, ejection of small ,

bodies .

Mature planetary system

-

Obserz.Jatio'naZ Evidence:

Nebular/dust phases‘arﬁ
observed around other Stars

Planetesimal phase

“is observable only

in our outer+"fossilized"
Solar System - the
Kuiper Belt.

T

Giant i)la*ts have been
detected around other
stars



- Known Outer Solar-System Bodies (as of 2003 April 19)

Flot prepared by the Minor Flanet Center (2003 Apr.19).

Key
@® Plutino

Scattered
Other TNO
A Centaur
Comet
A Asteroid

Giant Planet

Open symbols denote orbits
uncertain due to short arcs.




Outer Solar System Objects (as of 4/03)
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KB 0) Resondnces and Pldnemry Migration.

1 = 3:2 Resonances inNeptune frame(MalRotra 1995)

¢ | Pluto and many KBOs ("Plutinos”) |

are locked in 3:2 resonance with 3
Neptune, crossing Neptune’s orbit
yet avoiding ejection. 1

7T m
Lils
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&
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| - Malhotra (1993) explains “accident
of Pluto’s resonance by positing an:
outward migration by -8 AU of :

v Neptuneduringtheclearingof‘the TN T T T

_ planetesnnal disk. Resonances 2 -1 o 1 2 -2 -1 ©0b 1 2

. “sweep” through the population, A X

acting like phase-space.traps.

Prediction is that many KBOs -

Ty |

Orbit of 2001 QR322 in Neptune'frame(Chiang et al 2003)

sheuld be found in 3:2 and 2:1 ' 40 — o8
resonances | & ' _

. 4 | ’ 5 20r 27 S

| KBOs have been found in following * =

" resonances (Chiang et al ‘03):1:1 = Or <6 2
("Trojan”), §:4, 4:3, 3:2 ("Plutino”), §:3, E [ fg
7:4, 2:1,.7:3, 5:2Resonance sweeping 2 -20 | <o B
can only explain some of these, j 1t ; |
obviously not r:r. - | 05 e 0 20 a0 100 1z 14 16 o
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Outer Solar System Objects (as of 4/03)
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d Fz'ndfng_ Faint TNOs
| |

¥ : Cha
. Recall that distant TNOs have f s e

K |

3 ."".
.. " 1 [

. Traditional response to fainter target is ldﬁger integratioh bﬁt S/N gain for |
‘movingobjects stops when object trails.across sky-background. TNOs -« _

- move few arcsec per hour . | . N
® ‘
o | Non-sidereal tracking of telescope only works for one preselected motion
vector, not appropriate for a survey j :

. Ground-based exposures limited to -10 minutes before trailing, or mpg ~ 24
! L ] i .

| Digital Tracking: Take.short exposures, shift and add digitially to follow
any candidate orbit, then'run detection algorithm.

. Used successfully from ground in 1992 by GMB Wlth Cochran et al
- WFPCz2 data, many other times since. i -
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. . " a) Original Single Exposure . '(c) Sinigle Exposure, ‘
; i : it Fixed Objects Subtracted/Masked
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(b) Combined Image " (d) Combined Image, \
- " = Track at Sidereal Rate " Track at KBO rate .
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Size Distribution of KBOs
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4

#

For fixed distance, mag
distribution is the size
distribution. ‘

-

Faintest two points on this plot
known to be contaminated by
: false positives] '

Data seem consistent with a
single power law;

| N ) = 100.63(m;23)
dN |
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(S

-

a * ; -

log N(<m) per square degree
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Diameter at 35 AU (km, albedo=0.04)
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Theoretical Expectations for Size Distribution. BT
, . . ..

‘ | Yo
Size distribution at 38—-44 AU

Single power law must break o e

down to avoid divergent mass, = .o o
- surface brightness. - 101! 2086 B
| . . _ : _ E '1010 “, %+ t=50Myr
. =100 | R, o 1Z1aniy
. o ftive . - 1 %, . t 5 Myr
Modelling of collisional ¥ .2 lee) N v by
. IR - 107 § >
* . accretion and erosion requires & o ¢ N
~ detailed numerical study; L0 @

o 104 e
assumptions about fracturing, & g )
.dynamics, etc. e o i o'\

: 10L. elby Dlavis eal @
’ : £ 10° 0 & PRRE: Iz “|3 :

Dohnanyi shows that q=3.5 is a o 10 ' 9

: : A _ Diameter (km)
point of steady-state collisional __ *
cascade under scale-free . |Does this sige break exist? Kuiper|
fracturing laws. Expect this Belt zs perbaps our enly opportumty |

' below some disruption scale. |70 test an accretion no¥el!
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Outstanding Kuiper Belt Questions = - - T
5 ~ What is the size (magnitude) distribution 6f objects?

- Are the dynamical classes physi;c.ally d_i_stiﬁct? |
. 1 What event(s) or process(es) heated the planetesimal .
¢ disk? L : e 2L

!

- Is there truly a truncation? What caused it?’
" Are any of the dynarhical classes viable source reservoir |
for the observed 1-10 km Jupiter family comets?

- What can we learn about the history: of the solar system, -
‘and planetary systems in general? ' =

“" | - :
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Plan for the ACS Sur‘;}gy e

o0 StxACS fields, 0.02
square degrees (12x
HDF)

e

Observe each field 22

~ ksec over 5 days

-
Sum flux over 30
exposures' in ~ 104
- candidate orbits

Wit § days; most
TINOs pass statienary
points and reverse

Dec (arcsec)

Observe another 15
ksec to Confirm
discoveries

Detection limits:
m<29.2 in F606W

-

' The HST/ACS Kuiper Belt Search Fields

- 2000 FV53

| Daily po‘snwﬁbﬁy :

g T "l

Expect 85 detections

under exti‘ai‘olation.
' .‘ )

200 -

RA (arcsec)
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log N(<m) per square degree
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Al it takes is - N e b1y
, x - ,
L
| 116 orbit Cycle I1 allQ_camon (executed in 125 orb1ts,, thanks Tony
Roman!y '

' 30,000 lines of C++ code

-
- ) ’ . i

& New Fourierdomain PSF characterization method

& PSF 1nterpolat1on across ACS /

& Image registration & distortion (Anderson)

«> Image combining W1th reduced PSF distortion

& Image subtraction gt Sl

& 'Digital tracking addition & detection . _

< Orbit calculation and trailed-PSF ﬁttmg directly to 1mages

-

& Several CPU-years on P4 processors

TR o - : -'*E
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Schedule
/

&

' Feb 2002: Phase H request

Aug 2002: Preparations begin in earnest =~ . >

-

", [ Jan 26 2003: First TNO observation

!

' Feb 09'2Q03: Last observation

Apr1l 14 2003: All Cand1dates 1dent1ﬁed

Aprﬂ 29 2003: Keck retr1eval run (Magellan clouded out)

-

| August 20_03: De_ep search Complate ,. <.
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Tlustration of ACS Data

&

r‘

Position (arcsec)

180
170
160
150
140

Quality

| | | | I | | | | | | I | | | ] | | I | | ] I/ /h I
X Position of 2000 FV53 . R
in part of ACS Data - -
St g
1lr‘r: I ] '] '] I ] ] '] I '] '] '] I '] '] ]
| ] ] I | ] | ] | ] I | ] ] | | I | ] | ] | ] I ;§;§A | ] | ]
\ &;;" #
X
1A
A . ...linear trend removed
a}}
*l '] I ] ] ] I ] ] ] ] I ] '] ] I '] ] [l
4 BN
-60 N (40 -20 0 20
~ ( Time (Hours)



TNO Discoveries in t/geACS Survey =~ - b

’ 4 2000 FVs3 2003 BFg; 2003 BGgs 2003 BHo1
m=23.4 m=26.95 m=28.15 m=28.38" -
" "u" ' o = 'I."

L

e Exposure ||
00 seconds

nmed Orbit
_ 00 seconds

mmed Visit
o 00 seconds

Faintest solar system
Al Data objects ever detected!
00 seconds 1.5 arcsec ¥ . I photon per; f
_ SIN=73 S/N=26 SIN=23 seconds at HST

Distance: 40.26 AU 42.14 AY 42.55 AU

: Inclination: 2.5 deg 15deg _ 20deg ~ #* T e
e 1 Eccentricity: ~ 0.07 e 2204
.‘_ Diameter: 44 km 28 km 25 km
- e ' ] * o




Analysis of all survey ddid
/

‘
. Combine data from all largepwell- <
characterized surveys within 3 <
“degrees of the invariable plane. _\?:
i ¥ ‘ E
Deviation*from single power law at NE
: 1 C -
high confidence. =
Split the TNO sample into B
“Classical” KB and “Excited” &
populations. CKBs defined as: g
- )
SRR e oAU o & s
i G E
N

LFEs of dyﬁamical classes distinct at
96% confidence.

L
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F o y g -

Double-power-law fits to the Magnitude Distribution.* -
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What does. it mean? ~ X SR
‘. f | " ' "
Stern (1995) gives sizes below -2@e km as : R Bt '

. 295 .g e e o . Size distribution at 38—-44 AU
subject to disruption in current collisional o - e -
environment: 1012

. M - 50 Mg ® t =0 Myr
].Oll * t=5Myr
TasLE 2. Critical eccentricities (e*) for erosion. N =25 Myr
£ 1010 t = 50 Myr
e — Q- t =100 Myr
Target Radius 35 AU 60 AU 35 AU G0 AU 109 o t=130 Myr
- r ~ s+ t=265Myr
(Strong) (Strong) (Weak) (Weak) 8 # 108 { = 1000 Myr
001 km Tx107% 9x107® 1x107% 1x10°3 Q 107
010 km 6% 1072 7x107° 2% 1073 3x 103 & ;
100 km 5x1072 6x10°? 2x10~% 3x 10~ o 108
170 km 90x10°% 1x10°7 4x10°7 5x10-2 T 105
Notes to TabLE 2 |
o 104
Strong implies p=2 gem ° and s=3%10° erg g™, weak implies p=0.5 Q. 102
ocm ” and s=3%10" erg g7, In both cases we take k=8 and e =0.200 =
(e.g., Davis et al. 1989); see Sec. 6 for additional details. 102"
- , - : ].Ol
_ _ . 100 g gl Ll S J
_ Crudely, this‘is size of potential break in size S 10! 102 10°

distribution. . Diameter (km) )
| Resenibles >1 Gyr phases in Davis

simulation - Excited older than CKB °
‘

: . | | ' ey

e 8




Implications N i b
/ 5 ,

&

Total mass of the CKB: (for | T —
p=0.04, <d>= =42 AU, p=1000 ' :
- kg/m3): .
' 0.8F

0.010 Mg + 15%

06 F 2000 KX14

P

Quaoar

Extrapolation of Excited
bright end predicts largest
object in the Pluto-Quaoar
range. Pluto is unhiquely but
not anomalously large.

0.4F

" Probability of Any TNOs <R

¥
D ——

' e 0.2
Note largest CKBO is e i e l

predicted (and is, so far) 6ox
lower mass.
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Are KBOs a viable source reservorr for Fupiter-family comets?
r' | |

&

1000

-

Nominal Diameter at 42 AU (km)
100 R rD

"Classical" Disk*

.
Plutin0§77ﬁ(

"Scattered" Dis]v{?
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Measured | Extrapolated

25
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One astronomers noise is anothers signal - -

’ RN ' | ' ' "'."'I - ' R
Ab The sidereally summed TNO search
. field is one of the largest/deepest
A 4 images ever taken.
_,]CEE’ 0 A -
m *TNO
w5
E ~
|
8!
= A
S 29F @ HDF 5
. = @) A '
S GOODS
. 78
@ A
A
28 [ b
GEmMs @  cosmos 4
| | O ®

1 1 L1 1 | | 1 IIIII| 1 |
10 100 1000 .

- Survey Area (arcmin?)
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Cycle 13 Observations

| ~Adchtu)nal 6 orbits granted and executed in May 20@?‘
(GO 10268, PI Tr1111ng) : |

#

' Retrieve the 3 new objects to determme eccentr1c1ty :
really CKB objects?

 Additional astrometry will give sufﬁc1eﬁt orbital info to
locate these objects with JWST in 2010.

. %
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, Réco*ver’y of 2003 BG9 I
I b ok ' :
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Phased photometry ofACS FNOs e il
;‘ | Bl
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A Model for 2003 BF9r
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Angle of Repose .
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" Rubblepile solutions -~ v ;
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Astrometric Residuals foi 2000 FV53
r’ .

E-W Error (milliarcsec)

N-S Error (milliarcsec)

Time (days) '

Bernstéin, Za_chariﬁs, & Smith (in prep)
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Is milliarcsecond KBO astrometry just a neat trick? ,
, i i

&

' N. Zaeharias (USNO): 5 mas tie to ICRS Very pract1eal

- better over 1-degree patches? . 2

- U

' 1mas at 40 AU = 30 km vs seconds of HST motion

! |
' Detectable photocenter motion on 300- km spotted

body: "+ % 5 ;

| Displacerrient from undiscovered solar system masses is

AT R A T
et £ ¥ it
=i (2o 8 ) (i aea)

: Pi 3 - . -'*
z"'.. = ' : ’
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Future Developments

» Sky to R=21 is mostly covered by Palomar/Quest

- NOAO Deep Ecliptic'Survey; CFH. Legacy survey to expand sky

coverage for R<24

Full sky to R—24 will be done by Pan- STARRS LSST IO;OOO s of \”"
objects with full orbital dynamice .

#

' Could reach R=26 over limited regions of sky

' Some further coverage from ACS archive (PI: Tamblyn) or another Large

. program. "

- SNAP Could repeat ACS survey to get 10,000 s of R—28 ob]ects detail .
dynamics/size correlations: |

- Occultation surveys (TAOS) explore <1okm regime"

-

' New Horizons probe flies by 2 (?) KBOs c. bo17 - “ .

- I " .
n‘, /




Summary

> ACS works ﬂavﬂessly for TNO search. Background-
limited detectionfor 29th mag moving gbjects.

' Clear detection of a feature in-the size distribution, with
dependence upon dynamical state of subpopulations.

' No sign of cold ﬁopﬁlation beyond 50 AU, for D>'4Q km
- Scattered‘ disk a feasible JEC source, but still a stretch?

. Suprising l1ght curves, consistent with rubble p1le in 200
km body 2000 FV53

Addltlonal info forthcommg from followup &‘
astrometry - % : S

_
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