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Why Study the Smaller Bodies?

(D Tracer of gravitational potential

(2 Sample of material from solar nebula and
major bodies

3 Transport of material and construction of
major bodies




Asteroidal and Cometary
Planetsesimals in the Solar
Nebula

Solids devolatilized : Icy planetesimals

5 AU
H,O ice



Cometary Material in Present
Solar System

Zodiacal cloud
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Terrestrial planets & asteroids Gas Giants Ice Giants Kuiper Belt



Veritas asteroid famlly
" debris bands

L ere



Infrared Zodiacal Light (view from 1 AU)

 dominates sky brightness
from 1 to 100 microns

e Structures include bands,
warp, terrestrial
anisotropy

* From width of the zodiacal

cloud, >90% Jupiter family
comets (Nesvorny et al 2009)

1

655

Normalized Flux
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Ecliptic Latitude (deg)
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Influx to Earth

* Considered to be aster0|dal (Iow veIOC|ty)

..........

Seafloor sediment contains 3He from

IDPs, enhancement in Miocene tied to
asteroid disruption that formed |
Veritas family (Farley+ 2006, Science) .- -

ULJ

Cometary contribution to meteorites con5|dered
elusive, but possibly most IDPs and some
carbonaceous chondrites are cometary (cf. Nesvorny

et al 2010)

salpoq [|ews AUM :omu ;



Recent Asteroid Collisions

age lsouce |Featwe |Roleronce

50-250 kyr
220%2 kyr
300-800 kyr
450 kyr

<5 Myr
5.0£0.2 Myr
8.3x0.5Myr

~10Myr

35 Myr
(Eocene)

1999 YC2
Emilkowalski
Lucasavin
Datura
Beagle

Karin

Veritas

Semajoki

Comet shower

trail?

1.4°band
2.1°band
9.3°band

17°band

Chesapeake Bay,
Popigai crater

Nesvorny (2006 AJ 132, 1950)

Nesvorny (2006 Sci 312, 1490)
Nesvorny (2008 ApJ 679, L143)
Nesvorny (2006lcarus 183, 296)

Nesvorny (2003 AplJ 591, 486)
Farley (2006 Nature 432, 295)

Nesvorny (2003 ApJ 591, 486)
Farley (1998 Sci 280, 1250)

saIpoq ||ews AYAA 104U



Observations from Spaceprobe

From fixed platform, only measure integrals
along line of sight, not readily inverted

Inner zodiacal light best measured by Helios
spaceprobes, 0.3-1 AU eccentric orbit
photopolarimeter (Leinert et al.) in 1970’s

Azimuthal asymmetries near 1 AU probed by > ‘
Spitzer (new; next slides)

Zodiacal light only measured out to 3.5 AU by
Pioneer 10

Prime real estate still available outside 3.5 AU, to
measure “outer zodiacal light”



1981

Helios 1, Orbit 2, [3=-16°£=30°

600;

340 1

— P —p—

Helios 1, Orbit 2, 3=-31°, £=57°

Zodiacal light intensity (S 10) , normalized to 1 A.U.

0.3 ‘04 05 0.6 0.7 0.8 . 09 1.0
R (A U)

Fig. 5. Brightness increase of zodiacal light in B towards sun for different viewing directions relative to a power law I (R)~R ~?-. A refers
to inbound, O to outbound part of orbit. A, of observations is 425 nm, 1 S10 corresponding to 1.02 10712 W em ™2 sterad ™! pm ™. For
each viewing direction the step size of ordinate division is 5% of the given intensity value



Resonant structures in Zodiacal Cloud

» Smooth cloud traces mean orbital elements

— Node randomized by Jupiter in 10° yr so only
secular long-time-averaged perturbations survive

» Resonant effects in comoving frame with
planet

Spitzer Earth Ring experiment

Frame comoving with Earth

Contours of the COBE/DIRBE o ERl T
zodiacal cloud model ¥ \r

Trajectory of Spitzer (thick) with \_\
Crosses every year

Able to probe azimuthal

structure of zoiacal cloud



Observed brightness of North Pole

Sinusoidal variation due to inclination of zodiacal plane, and eccentricity of orbits

1Yy317 |edelpoz/paJedlu|



observed MINUS sinusoid

vl
1w P
|.. .'h'-.:lll‘i + I

.FJ- ".i 'F!!.II. j :

Residual variation due to longitudinal asymmetry of zodiacal cloud



Observations from Spaceprobe

e Zodiacal light only measured out to 3.5 AU by
Pioneer 10

* Prime real estate still available outside 3.5 AU, to
measure “outer zodiacal light”



STARDUST in situ particle detection

* Dust Flux Monitor
Instrument i

PVDF large EEEEEE  PYDF small
sensor sansor

Aerogel tray

— Impacts onto polarized

film generate current

Solar array Solar array

pu Ise Whipple shield Whipple shield
* Acoustic sensor Spacecrat
T Whipple
— piezoelectric crystals Shista
respond to impacts onto ) -l /Q ;
hleld Acsiuztrc :hmld \ @L‘Hﬁ ﬁcousl:tf”
S NSor area SENSor

» Radio Doppler and attitude control

= Responded to large particle ¥30 mg, 15 s before close approach
= Similar large particles jogged Giotto and destroyed its camera



Particle Size Distribution

For power-law n(<m)~m-=—
— Most mass in largest particles if o<1
— Surface area in large particles if a<2/3

Halley & Wild2 2 0=0.75-0.88

— Applies to m<1 pug
— Mass in large, area in small

Large particle excess
— Double power-law fit

Radio Doppler

— 20-40 mg particle shifted attitude
(Anderson et al 2004 JGRE 109) a~2 mm

Green et al 2004 JGRE 109
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Application to Stardust data

Mass ratio

— Observe: m__ /m,;>100, m,/m, ~ 300
— 2> M,/M;~600

— Bulk of mass in “bump”

Area ratio:

— Observe: m;/m_. >10°
— 2 A /ALY
— Significant area in “bump”

— Coma due to large+small particles

min

. - -
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Log Particle Mass (kg)



Cometary dust production

56P/Slaughter-Burnham

—_—

62P/Tsuchinshan 1

—_—

T8P/Gehrels 2

il

a

Reach et al. 2007 Icarus 191, 298




|2P/Encke: ISOCAM
July 14, 1997

close approach to Earth
(A=0.25, R=1.15 AU)

Post-perihelion

wavelength: 12um




*Model: particles
ejected since previou
aphelion

*|SOCAM geometry

*The trail is due to cm:

1 mm

sized particles

*Even the “coma” is
due to mm sized
particles

1cm

10 cm
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__ e i B ISO — Small But Finite
i | A B Silicate Emission
. Pure Zody w/ ] 3 — R O / —
H - ~10% Silicate ] » : : Feature.
_;_ | Fleature (mOStly —; g _ I v N Zg (ReaCh et al. 2003)
B* - largegrains) ] ] — : I : : : 2
ettt 7 1 0F —
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T o A
Lig }Iﬁé U HH ] But: Need to update spectral
3 3 ﬁ%@ﬂlﬁlﬂ I_ 5E ’ ’ ’ ' ] analysis for Deep Impact,
s WOF ) 15 Euslt . E STARDUST, dynamical, & Spitzer
o 1t d “F VOIHOn 4 lessons learned re: cometary &
et - . _;_ Pyroxene _; aSterOIdal dust.
] ) : : J_I L lIL l-
1.2 (a) cleenest spectra ] e lenet Ll an
: “Pure” Zody I g

0 I 7 S Iso:
| : HHHHN wﬁﬁm ] & ] I\/T:szesr?ger & Keller -
0 |HH|||||_, o 7 H (IPD like Hale-Bopp)

12 3 = ] New CIBER Results-
i : Zody Refl. Like S-Type
H mmm | I E ﬁ% ' ( Asteroids
Lo '“‘1' 'iH" ﬂﬁﬁ”ﬁﬂm 6 | 8 10 | 12 T 14 T 16
il : : 8 0 : _ -
|||.-' i _ ] i mong . o Nesvorny IRAS Fitting -
5 “ISM signal correlates 3 Best Decomposition = ¥20% Asteroid +80% Comet 590% of IPD input is from

W/ PAH featu res ] Fig. 13.— Comparison of a mixture of silicates with all possible ellipsoidal shapes to the observed, JEC
E S
1 1 1 1

continmm-subtracted, spectrum of the zodiacal light. The solid line is the mixture fit, the dotted

10 l;'- L1 L6 line is the amorphous olivine contribution, the dashed line is the montmorillonite contribution, and
wavelength (pan) R . .. . .
’ R the dash-dotted line is the erystalline olivine contribution.



The View from 5 AUz Measuring the Diffuse Sky Brightness from the Outer Solar System
March 25-26th, 2010 Outer

6th annual workshop organized and hosted by:

The Center for Cosmology, University of California, Irvine ° I °
workshop goals ZO |aCa L|g |
il ""5 a) To establish the scientific guals of measuring the
sl difiuse sky brightness from the vantage point of the :
. outer Solar system, pertaining to the cosmic infrared tOp | CS
background and interplanetary dust. :
@ {b) To establish astrophysical sciences enabled by :: Extragalactic Eackground o
simultaneous observations at 1 AU and a small aperture :: Galaxy Evolution Models N ext frO ntier
] CD telescope at SAU. :: Reionization
(c) To establish the practical means for cruise-phase :: Oort Cloud, Kuiper Belt and Trans R ok 2 2
v o e T chomi AckThi e s A Neptuniar Objects Collisional evolution of Kuiper Belt

telescope on an outer planets mission. :: Zodiacal Light Models
{d) To establish instrumentation priorities and = Microlensing and similar applications
priarities and specifications. :: The Search for Exoplanets

9P
=
.C HiLE : i Instrument Cancepts
. 0rganizing committee

|t Gharles Beichman (Caltech) :: Jamig Bock (JPL) :: Mike Brown (Caltech)

i Ranga Chary (Caltech) @ Asantha Cooray (UC Irvine) . Giovanni Fazio (Harvard/ .CIA)

| Mike Hauser (STsCI} = John Mather (NASA GSFC) :: Toshio Matsumoto (JAXA/ISAS)

11 David Mesvormy (SWRI) :: Wiliam Reach (Caltech) :: Mark Sykes (PSI) :: Mike Wearnar (JPL)

It
W |

1 I!_,;IE .I I
i) {1

website: http://www.physics.uci.edu/5AU
contact: asantha cooray, uc irvine : acooray@uci.edu

workshopSPONSC




Kuiper Belt origin of Interplanetary Dust

Liou, Zook, & Dermott
(1996)

Modeling dynamical 50 | .
evolution of grains from | 1
KBOs, including resonances <« -
and perturbations

G0

L S D

Interstellar grain collisions ' ;
are more rapid than mutual 2
KB grain collisions ° T I B
ISD may shatter KB ! {EH I
particles >10 um before .
they reach the inner solar L IEE :

SYSte m chg:t;:rd Ej Egt;d Ejegrred |

Meptune Satum Jupiter



Dust Density predictions
for Outer Solar System

Moro-Martin and Malhotra
(2003)

Collisional production rate 10°-
10%g/s (Stern 1996, Landgraf
2002)

KB dust cloud mass ~ 10%%g

Relatively high eccentricities
when passing Earth, like
comets

ro(ALT)

1090
100

100



/Zodiacal Light Predictions
for spaceprobe

Use the Voyager 1 spacecraft
trajectory (as an exam p |

* ecliptic pole
* antisolar direction

Illustrative calculation:
power-law zodiacal cloud
extrapolation, plus gaussian
torus at Kuiper Belt



Outer Zodiacal Light:
radial profile

Same as previous slide, but:

* Density estimate from
Jewitt&Luu and Moro-
Martin &Malhotra.

* Much wider distribution of
KB dust (spiraling inward
due to PR drag)



Planetary System Architecture

* Under the Nice Model, giant planet mutual
gravitational interactions violently perturbed
shape of the outer solar system

* Shape of Kuiper Belt and scattered disk
population relate to past history of
perturbations

KB dust relates to collision rate in the KB, as
do asteroidal dust bands in the inner zodiacal
light



10000

Al [NW m-2 sr1]

1000 - |=e—Fluctuations data — EBL
Interplanetary dust 1AU
scattered sunlight
100 - 3 AU
5 AU
10 - 10 AU
o =
. !
y, Reionization
/ / Background
0. 1 I L I : | : / i L i
0.1 1 10

~—— Zodiacal Light (1,3.5 & 10 AU)
| SV

e DG L

- EBL from galaxies modzl
Minimum reionization models

Interplanetary dust
thermal emission

Wavelength [um]



Wide-Field Camera

Refracting Optics

Specifications
Spatial resolution: 5' x 5' pixels Wavelength band: 800 nm
Field of view: 852 x 85° Sensitivity: < 0.1 nW/m? sr per pixel

Focal plane: 10242 HAWAII 1.7 um HgCdTe or HiViSi

Science
® Kuiper belt cloud structure ® Interplanetary dust cloud structure




Composition of IDPs

Infrared spectra measure
mineralogy of parent bodies

Comeplement laboratory work on

IDPs and STARDUST

relative reflectance

1.2

l.U

0.8}

0.8

0.4

0.2

[ -
r Nereid®
[ r= 380.:0 AU

[ q= 29.8 AU
- a= 30.0 AU

[ ice
- fraction= 6.9%

0.0L

i

1.6 1.8

2.0 2.2 2.4

wavelength (pm)

ca i

B el T B e e S

Type M [34%) [340 Dembeowska)]

Reflectance (unnormalized)

0.5 mm

| | w025 - Mig35 Feis

e (184 - Mg27.5F22 5
—026 - Mg70 Feld

— 20 - Mg17 Fe83
021 - Mg8 Feb2

e CIBER
RTs

1 15
wavelength [um]



Sunshieldl
teflon film

4

Sunshield2
kapton film

40 K R

I:"%_ a
15 cm '(_)ff"-'.fois

Casse rain
(ala DI Bi;)

Vol

e

Electronics box —> S

-----

ﬁr JPL Proprietary

Bipods to S/C

JIB/13



