altech (now)
USRA/SOFIA (June 2010)




Why Study the Smaller Bodies?

(D Tracer of gravitational potential

(2 Sample of material from solar nebula and
major bodies

® Transport of material and construction of
major bodies




Asteroidal and Cometary
Planetsesimals in the Solar

O I © .
® e0000 0 o0, | 0%, 0 ® .
i . .
Solids devolatilized : Icy planetesimals
5AU

H,O ice



Cometary Material in Present
Solar System

Zodiacal cloud Accreted nebular gas

Cometary+asteroidal veneer

l

.T‘.....T '.’/ :‘

Cometary moon

Heavy core Cometary core

Terrestrial planets & asteroids Gas Giants Ice Giants

Kuiper Belt



Zodiacal Light N i

»

. x

Veki tas'

asteroid }‘amily
 debris bands




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

0.5

Normalized Flux

O lllllllllllllllll

Ecliptic Latitude (deg)



Observations from Spaceprobe

-rom fixed platform, only measure integrals along
ine of sight, not readily inverted

nner 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”




1981A&A...

1600¢

600t

340 1

1401

50 1

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

80 1

100 1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 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 ™%, 4 refers
to inbound, O to outbound part of orbit. A, of observations is 425 nm, 1 S10 corresponding to 1.02 1072 W ¢cm ™2 sterad ~! um~*. For
each viewing direction the step size of ordinate division is 5% of the given intensity value



Resonant structures in Zodiacal Cloud

e 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

12 E

Spitzer Earth Ring experiment

1.1 ; é
Frame comoving with Earth £ ]

Contours of the COBE/DIRBE
zodiacal cloud model

OF

SN

Trajectory of Spitzer (thick) with >

crosses every year -:

Able to probe azimuthal structure -
of zoiacal cloud 0-7¢




Observed brightness of North Pole
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observed MINUS sinusoid
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Residual variation due to longitudinal asymmetry of zodiacal cloud



Observations from Spaceprobe

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

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

Azimuthal asymmetries near 1 AU probed by E
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”




The View from 5 AU:' 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

workshop goals ZOd iacal L|ght

a) To establish the scientific goals of measuring the

diffuse 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 Background .

simultaneous observations at 1 AU and a small aperture :: Galaxy Evolution Models N eXt fro nt' er

telescope at 5AU. :: Reionization

(c) To establish the practical means for cruise-phase :: Oort Cloud, Kuiper Belt and Trans e . . .
science for a small aperture optical to near-infrared Neptunian Objects CO I I |S | O n a I eVO I ut| 0 N Of KU | p e r Be It
telescope on an outer planets mission. :: Zodiacal Light Models

(d) To establish instrumentation priorities and : Microlensing and similar applications

priorities and specifications. :: The Search for Exoplanets

I . i Instrument Concepts
0rganizing committee

it Charles Beichman (Caltech) :: Jamie Bock (JPL) :: Mike Brown (Caltech)

i1 Ranga Chary (Caltech) :: Asantha Cooray (UC Irvine) :: Giovanni Fazio (Harvard/.CfA)

i1 Mike Hauser (STsCI) hn Mather (NASA GSFC) :: Toshio Matsumoto (JAXA/ISAS)

i1 David Nesvorny (SWRI) :: William Reach (Caltech) :: Mark Sykes (PSI) :: Mike Werner (JPL)

il G
I N\

Ut 1

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

workshopSF




Exozodiacal Light

* Debris disks around other stars are
dynamically analogous to Solar System Kuiper
belt

— Studying extrasolar debris can reveal what the
solar system might (have) looked like

/////////
|

-------------

Occulting  Location - ,
Disk of Star 50 Astronomical Units

Zodiacal and exozodiacal light

Observations allow a link between
The solar system and exoplanetary

AU Microscopii Debris Disk
Systems. Hubble Space Telescope + ACS/HRC



Kuiper Belt origin of Interplanetary Dust

Liou, Zook, & Dermott "
(1996)
Modeling dynamical | ]

evolution of grains from

KBOs, including resonances  “/|
and perturbations N _y
Interstellar grain collisions do, .
are more rapid than mutual | 24
KB grain collisions | - | H
ISD may shatter KB particles |
>10 um before they reach g

(BRI

(BB BB

T8
i

the inner solar system 0 — _ |
Ejected Ejected Ejected In

by by by
Neptune Satumn Jupiter



Dust Density predictions = * - o o

for Outer Solar System = .

* Moro-Martin and Malhotra Pl
(2003) fr%,A..ff} ...... |
* Collisional production rate e s b
106-108 g/s (Stern 1996, P e o
andgraf 2002) b
* KB dust cloud mass ~ 10%°g e

* Relatively high eccentricities  :
when passing Earth, like s 9
comets |




Zodiacal Light Predictions
for spaceprobe

* Use the Voyager 1 spacecraft
trajectory (as an example)
e ecliptic pole
e antisolar direction

* [llustrative calculation:
power-law zodiacal cloud
extrapolation, plus gaussian
torus at Kuiper Belt

I~

100.0 ¢

Voyager 1

| I I PR R |
10 10
Dist to Sun (AU)



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)

1.00 ¢
0.10 ¢

0.01 ¢

Voyager 1

. . I | . . P |
1 10 10

Dist to Sun (AU)



10000 -

1000 -

Interplanetary dust
scattered sunlight

[~ Zodiacal Light (1.3.5 & 10 AU) |
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-&— Fluctuations data — EBL

Minimum reionization models

Interplanetary dust
thermal emission
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Composition of IDPs

* Infrared spectra measure
mineralogy of parent bodies

* Comeplement laboratory work on
IDPs and STARDUST

0.5 mm

- 3
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Particle Size Distribution

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

Halley & Wild2 2 0.=0.75-0.88

—_ i Particle Diameter (o= 500 kg m™)
Applies to m<1 ng ruianrei b
— Mass in large, area in small £ I [P—y
. 61 vas B st |
Large particle excess

(&)

— Double power-law fit

Radio Doppler

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

=
s

N W
Las s ol

Log Cumulative Fluence (m™)
T

15 =14 =13 =12 =11 =10 =@ 8 <7 6 5 =4
Log Particle Mass (kg)

Green et al 2004 JGRE 109



Application to Stardust data

Mass ratio
— Observe: m__ /m,>100, m,/m, ~ 300

max

— 2> M,/M;~600
— Bulk of mass in “bump”

2 o2
4y (m (w7
4, m, m..

>106

- -3,
Particle Diameter (p= 500 kg m™)
10um O.1mm imm

raaanal M sl M sl

Area ratio:

A PVDF small [
¢ PVDF large [
W P7Ttrot [
® °Z

i

W

=
s

— Observe: m;/m
— 2> A /ALY

— Significant area in “bump”

— Coma due to large+small particles
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Planetary Science Questions

. What is the origin of interplanetary dust in the
inner and outer solar system?

. How does the interplanetary dust interact with
the outer planets?

. What is the composition of inner and outer
solar system material?

. How does the solar system dust cloud relate to
exoplanetary systems?






