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Å Simulations show schematically how it might occur (see Raymand+2014 PPVI 
review)

Chambers 2013

Mass ~ radius3 Lost  ~ 20% of initial 
mass 

low eccentricity, 
lunar or Mars-size 
planetesimals

Terrestrial Planet Formation 

Å Many other simulations are available. A general consensus from these 
simulations suggests that on average ~10-15 giant impacts are required 
for the formation of an Earth-like planet (Stewart & Leinhardt2012). 

Å Impacts of smaller scale are expected to be abundant; but observationally, 
ǿŜ ŘƻƴΩǘ ƘŀǾŜ Ƴŀƴȅ ŎƻƴǎǘǊŀƛƴǘǎΦ 
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Å Giant Impacts in Terrestrial Zone
ÁStripped MecuryΩǎmantle (Benz et al. 1988)

ÁCaused the hemispheric crustal thickness 
asymmetry of Mars(Marinovaet al. 2008)

ÁMoon Formation 

A giant impact formed the Moon

when the solar system was about

~50 Myr old involving Prot-Earth

and a Mar-size object (Hartman & 

Davis 1975, Cameron & Ward 1976, CanupнллпΧ ŜǘŎΦύ

Violent History in our Solar System 

ÝCan We find systems resembling this kind of process in 
debris disks? What kind of signatures should we look for?

1 hour after impact

5 hours after impact

ÒW. Hartman/PSI

Proto-Earth + Mars-size object
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HD 69830 ςtraditional debris disks?

Beichman+ 2011

<3.3% change 
over 4 years 

Debris Disk Variability

~30% variation 

ID8 ςan extreme debris disk

Meng+ 2012

Extreme Debris Disks

Disk variabilityon monthly to yearly 
timescale  (ID8and others, Menget al. 2015)

Bright and hot excessesusually starting at 3-5 
mm with  fd  10-2 and  Td 400 K. 

All around stars from ~10 Myr to ~200 Myr
(era of terrestrial planet formation) with one 
exception BD+20 307

Implication

The presenceof large amounts of small 
grains are related to stochastic, large impacts 
of big asteroids (~500 km); the short 
timescale disk variability is consistent with 
the aftermath of such large impacts (ID8). 
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SED of NGC 2547 ςID8 

Dust
Å mid-IR spectrum dominates 

by sub-mm amorphous and 
crystalline silicates, with 
fd~2x10-2and Md~2x1022 g, 
located at r ~0.35-0.52 AU
(Olofssonet al. 2012)

Star  
Å G6V, a member of 35 Myr

old NGC 2547 
Å No companion of similar 

mass
Å Optical monitoring detects 

a weak(0.01 mag) 
modulation of 5.1 daysdue 
to stellar (spots) rotation, 
i.e., the star is viewed 
closer to edge-on.

Spitzer warm mission 
monitoring  at 3.6/4.5
mm with weeklyto 

dailycadences since 
2012 



Spitzer 3.6 and 4.5 mm Monitoring for ID8
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ÅRelatively flat in 2012
ÅBrightening event during   

the visibility gap
ÅExponential flux decay:         

t0 ~376 days(~1 yr)
ÅQuasi-periodic rising and 

falling behavior with ~26 
days and ~33 days    
between peaks. 

After subtractingoff the assumedbaselines
(dashlinesin the upperpanel).

×Two Major Challenges:
(1) ~1 yr time scale is too 

slow to be due to radiation   
blowout (a few months)

(2) ~33 day period corresponds
to 0.2 AU, which is twice    
closer than the dust    
location inferred from SED 
modeling.



Our Best Scenario
Ý Impact between two large 
(at least Vesta-size) asteroids

Brightening:  new dust produced by
fragments and vapor condensates

Decline:  collisionaldestructionof 
vapor-producedcondensates/droplets 

DŀǎǇŀǊΩǎ ƳƻŘŜƭ ǎǳƎƎŜǎǘǎ 
droplet size of 1 mmhas a 
decay time scale of ~1 yr.

Quasi-Periodicity:  orbital evolutionof 
an impact produced cloud

(A) an opticallythick Keplerian-shearing cloud on a 
highly inclined, eccentricorbit (Menget al. 2014). 
Two observed periods are first and secondovertones 
of a genuine period of ~75 days (0.35 AU)

Jackson et al. in prep.

(B) an optical thickness effect of on a highly inclined, 
circularorbit (Jackson et al. in prep) between the 
collision point/anti-collision line and inclination, 
Porb = 2P1 + 2P2 ~115 days(0.46 AU)
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How Many This kind of Systems We can Find? 
ÅBaloget al. (2012) found~1% of solar-type stars younger than ~150 Myr

possess large 24 mm excessesbased ~300stars observed by Spitzer. 
ÅKennedy & Wyatt (2013) found ~1% of stars younger than ~120 Myr possess 

bright 12 mm excesses based on WISE catalog. 

ÅOne caveat: large-scale impacts are stochasticand we know very little about 
the frequencyand durationfor such a high state. 

ÅOur on-going two-year Spitzermonitoring program will provide some 
constraints on short-term (~monthly) disk variability for a dozen of systems. 

ÅWISE+SPHERExwill provide some long-term (~yearly) constraints for many 
more such systems. 
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Planetary Systems in Main Sequence Stars

ÅExoplanets
Detection methods: 

radial velocity
transit
direct imaging
microlensing
astrometry
timing

ÅDebris Disks ςminor bodies (asteroids, KBOs, comets)
Detection method: dust revealed by infrared excesses and 
resolved structures

IRAS: 15% around nearby stars 
Spitzer: ~10-30% of main-sequence stars 
depending ages, spectral type and location
(asteroid-like or KBO-like)
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Post Main-Sequence Stellar Evolution

Steffen & Schönberner (2006)
Steffen & Schönberner (2006)

SPHERExScience Community Workshop 2016 Feb 25  by Kate Su/Univ. of Arizona



Future of Our Solar System
Many theories about the future 
of our solar system: Sackmannet 

al. 1993; Duncan & Lissauer 1998; 
Debes& Sigurdsson 2002; Villaver& 
Livio2009, Veraset al. 2011, etc. 

outer planets survived with orbits decay

Giant

most inner planets gone

J M

WD
relic planetary system with 
minor bodies loosely bound J M

Theories in general for 
exoplanet systems: review 

by Veras2016

Sun

J

S
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