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I. I. IntroductionIntroduction

Is it possible to reconstruct the physical and chemical history of interstellar material 
in the nebula from observations of its processed end-state in comets?

Does the chemical composition of a comet reflect its formation zone in the nebula?

If so, what are its implications for the physical conditions of nebular evolution?

The evolution of the Solar Nebula in its phase of “planet-forming debris-
disk”  is not yet fully understood.
Learning about the composition of comets can help

What is the complement of pristine interstellar organic material in comets?

Do different cometary materials originate from markedly different environments? 
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CometaryCometary materialmaterial ((icesices, , 
organicsorganics and and mineralsminerals) ) cancan
provideprovide thethe fundamental fundamental startingstarting
point to point to understandunderstand thethe processesprocesses
duringduring and and thethe chronologychronology of of thethe
formationformation of of thethe planetaryplanetary systemsystem

The different conditions prevailing during the formation of the Solar System have left
traces that can be found today in cometary material (structure, composition of  ice, 
dust fractions, and pre solar-grains)

Fractional abundances of ions, atoms, and 
molecules in different regions of the ISM

complexity of molecules increasing

Tracers for processes that were predominant in the protosolar nebula
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complexity of molecules increasing

tracer for processes that were predominant in the 
protosolar
nebula

tracer for processes that were predominant in the 
protosolar
nebula

Ehrenfreund & Charnley, ARA&A, 2000

Credits: Ruden S.
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PAHsPAHs areare a a significantsignificant constituentconstituent of of thethe ISM, of ISM, of CircumstellarCircumstellar DustDust Disks. and Disks. and itit isis
presentpresent in in cometscomets. Ist . Ist detectiondetection providesprovides importantimportant cluesclues on on thethe processesprocesses thatthat
ocurredocurred duringduring thethe formationformation of of ourour Solar SystemSolar System

Tracers for processes that were predominant in the protosolar nebula
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. . 
D/H ratioD/H ratio in in cometarycometary waterwater. . ThisThis willwill provideprovide furtherfurther constraintsconstraints for for evolutionaryevolutionary
Solar Solar NebulaNebula modelsmodels..

D/H ratio brings important information on the formation conditions of icy molecules, 
as the deuterium enrichment in ices increases at low temperatures. 

Tracers for processes that were predominant in the protosolar nebula

}}
D/H ratio in comets
is 15 times the
prostellar value
(information on the
formation temp of 
the cometary water
ice)

twice the terrestrial
(terrestrial water could
not come enterely from
comets).
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Ortho:para ratio (OPR)

Di-hydrogen states

It is possible to measure the relative 
abundances of the two states

Information about the formation
temperature of the molecule

Cold molecular clouds mainly
consists of H2 formed after
about 1 million years

Encrenaz, Annu. Rev. Astro. Astrophysics 2008

OPR has been measured in comets: 

Inferred temperatures are 25- 30 K

Tracers for processes that were predominant in the protosolar nebula



11.9.2008

II. II. MissionsMissions

In 1986         Giotto Fly-by a comet

In 2005       Deep Impact Impact a comet

In 2014      Rosetta Orbit and land a comet

The driving quest of cometary research is to learn about the composition of the
primordial nebula mixture and the formation of our Solar System

Archieving this goal by space programmes:

Kueppers et al., Exp. Astronomy, in press

In  ?                                Nucleus Sample Return

In 2007      Stardust Collection of Dust
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StardustStardust
Wild 2 material (< 1 mg) in the Stardust sample
is:

Fine dust from our Solar Nebula (MacKeegan
et al. 2006)

mostly crystaline
not amorphous
at least 10 % of this material originated
in the inner ss

An organic component was identified, which is
different than compounds in meteorites and 
Halley dust
Different chemical composition different 
pathways to ist formation

PAHs

One presolar grain

Bright-field TEM image of a mineral 
assemblage from Comet Wild 2. 
Pyroxene (MgSiO3; Px), silicates (Am), 
Fe-Ni sulfides (black arrowheads). The 
aerogel capture material occurs around 
the assemblage. (Credit: Naval 
Research Laboratory)
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DeepDeep ImpactImpact
NASA Deep Impact space mission on 4th July 2005

Credits: Nasa
Goals of the Deep Impact mission:
Understand the difference between the surface of a cometary nucleus and its interior, and 
the physical properties of the outer layers of the comet
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RosettaRosetta was was activatedactivated forfor
an an observationalobservational
campaigncampaign of Tempel  1 of Tempel  1 
duringduring 17 17 daysdays

Spacecrafts & Satellites:
Deep Impact, 
HST, 
Spitzer, 
XMM 
SWAS
andCredits: NASA

Remote sensing from Earth Space

An An unprecedentunprecedent worldworld--widewide observationobservation campaigncampaign::

-Continuous monitoring of the
comet for more than two weeks
-Offered a slightly different 
viewing geometry. It was closer 
to the comet than Earth-based 
observers (0.53 AU vs. 0.89 AU)
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Rosetta Orbiter InstrumentsRosetta Orbiter Instruments

OOptical, ptical, SSpectroscopic, pectroscopic, 
and and IInfrared nfrared RRemote emote 
IImaging maging SSystem ystem 
P.I.: Horst Uwe Keller, MPS P.I.: Horst Uwe Keller, MPS 
(Germany)(Germany)

Filters used Pixel scale:
4 at 648-980 nm           1:1500 km
and clear filter
OH,CN,Na,OI, near-UV
and red continuum 7800 km

NAC

Cameras

FOV=3.88 arcsec

OSIRISOSIRIS: Scientific cameras onboard Rosetta

NAC

WAC

Continuous monitoring of the comet
for more than two weeks

Keller et al, 2007, SSRv. 
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A large A large numbernumber of of resultsresults fromfrom DIDI
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ResultsResults of of generalgeneral interestinterest

•Oblique impact - 36° from horizontal by 
shape model but 20 to 35° from assuming 
circular craters (A’ Hearn).
•Crater size: 30 m

impact site indicated by arrowsimpact site indicated by arrows

ImpactorImpactor = = EnergyEnergy 2x102x101010 J, J, WeightWeight 364 364 kgkg, , v=v= 10.3 10.3 kmkm/s/s
NucleusNucleus isis highlyhighly porousporous, , andand material material weakerweaker thanthan ice. ice. BulkBulk densitydensity ofof thethe

cometcomet: 350 : 350 kgkg /m/m33

DensityDensity ofof cometarycometary nucleinuclei isis lowlow (<1000 (<1000 kgkg/ m3)/ m3)

MostMost ofof thethe massmass ofof thethe impactimpact isis in in thethe dustdust componentcomponent (K(Küppersüppers et al. 2005)et al. 2005)
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ResultsResults of of generalgeneral interestinterest
Total dust mass = unknown
But

Mtot (<1.4 µm) = 1.5 x 10 5 kg (Küüppers et al.)
Mtot (<100 µm) = 1-14 x 10 6 kg (Küüppers et al.)

Mwater= 4.5 – 9 x 10 6 kg (Küüppers et al. , Mason et al. 2006),    13 x 10 6 kg
(Schleicher et al. 2006),  5 x 10 6 kg  (Biver et al. 2006)

Amount of refractory material excavated? 
Velocity of the dust cloud?
Acceleration mechanism of particles produced by the impact?
Creation of an active area?
Strenght vs gravity regime?

Fast material in the ejecta: amorphous carbon grains

Subsurface: amorphous pyroxene & crystaline olivine grains

Surface: amorphous carbon

0.2 µm diverse mineralogy Harker et al. 2007

Some questions:

Composition:
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Credits: NASA‘s PDS

MRI

Phenomenology of the event:

1.- Hot plume (impact flash)  
was generated  (within 150 
msec)
2.- Slow ejecta was created
3.- Material moved in a form 
of dust cloud
4.- Cloud dissipated during 
several days 

What are the Velocities of the 
ejected Material (dust cloud) ?

Ejected particles moved with 
different velocities.
Therefore an important 
physical parameter of the dust 
cloud produced during the 
Deep Impact experiment is 
the velocity distribution of the 
ejected particles.
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Ernst & Schultz, 2007

MRI

Phenomenology of the event:

1.- Hot plume (impact flash)  
was generated  (within 150 
msec)
2.- Slow ejecta was created
3.- Material moved in a form 
of dust cloud
4.- Cloud dissipated during 
several days 
What are the Velocities of the 
ejected Material (dust cloud) ?

Ejected particles moved with 
different velocities.
Therefore an important 
physical parameter of the dust 
cloud produced during the 
Deep Impact experiment is 
the velocity distribution of the 
ejected particles.

Light-Intensity evolution of the DI collision
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II.II.-- ObservationsObservations of DIof DI

Appearance of the impact-generated dust cloud at different times after the impact. 
The preimpact coma has been subtracted from the images by centering on the brightness 

maximum at the nucleus. The resolution is about 3000 km 

Keller et al. 2005. Science, 310, 5746

22772277 ImagesImages requiredrequired datadata--reductionreduction: OSIRIS : OSIRIS pipelinepipeline
CorrectionCorrection fromfrom cosmiccosmic eventsevents
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CharacterizingCharacterizing thethe brightnessbrightness
of of thethe cometarycometary dustdust

Clear Filter

1 pixel = 1500 km

Keller et al., 2007, Icarus Volume 187, Issue 1, p. 87
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Retrieval of Retrieval of thethe dustdust velocityvelocity DistributionDistribution

225 m/s

Distribution is quite close to 
a Gaussian

Peaks at 225 m/s

Very good temporal 
coverage of the OSIRIS 
observations and a good 
sampling of the 
parameter space 

t=12.48 h

Error bars represent ±SD
Rengel  et al., in press Rengel  et al., in press 
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AlthoughAlthough an an evolutionaryevolutionary explanationexplanation has has 
notnot beenbeen ruledruled out, out, thethe structurestructure and and thethe
chemicalchemical heterogeneityheterogeneity of of Tempel 1Tempel 1 as as 
observedobserved byby DeepDeep ImpactImpact suggestsuggest thatthat
large large cometesimalscometesimals maymay containcontain materialsmaterials
fromfrom different different partsparts of of thethe protoplanetaryprotoplanetary
diskdisk

The wide variety of phenomena that have been seen at Tempel 1 provide a lot of 
information that can be used to constrain the internal structure of comets.
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Appearances of the nucleiAppearances of the nuclei are quite different are quite different 
–– from smooth to heavily cratered surfacesfrom smooth to heavily cratered surfaces--

Does this indicate different origins and formation histories?Does this indicate different origins and formation histories?

EvolvedEvolvedLeast evolvedLeast evolvedStrongly evolvedStrongly evolvedMost evolvedMost evolved

Eroded surface but Eroded surface but 
craters (still?) visiblecraters (still?) visible
Indication of thick Indication of thick 
layerslayers
Smooth (avalanche) Smooth (avalanche) 
layerslayers
Low thermal inertiaLow thermal inertia
Active spots covered Active spots covered 
only by thin dust layeronly by thin dust layer

Strongly cratered Strongly cratered 
surface (saturated)surface (saturated)
Young JF cometYoung JF comet
From early historyFrom early history
Craters erodedCraters eroded
Material lost in the Material lost in the 
order of 100 morder of 100 m
Suggests only short Suggests only short 
time of sublimation time of sublimation 
activityactivity

Evolved (ablated) JF Evolved (ablated) JF 
cometcomet
No craters anymore No craters anymore 
visiblevisible
Localized activityLocalized activity
Smooth and mottled Smooth and mottled 
terrains, mesasterrains, mesas
Long ridges, large Long ridges, large 
terrain unitiesterrain unities

Very active Very active OortOort cloud cloud 
comet, but activity still comet, but activity still 
localizedlocalized
Very ablated, most of Very ablated, most of 
the nucleus mass in the nucleus mass in 
meteor streammeteor stream
Accentuated Accentuated 
topographytopography
Depressions, range of Depressions, range of 
hills, high outcrophills, high outcrop

Courtesy: Keller
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NASA's EPOXI DIXI            Flyby Hartley 2 in 2010 
EPOCh:        extra solar planets during 2008

Resolution of the evolutionary effects from the primordial situation requires observations
of other comets, a key goal of the extended mission of the Deep Impact flyby spacecraft

III.- Helping us to solve problems

In order to provide a 
complete record of the 
processes in the solar 
nebula we would want 
to select comets that 
were  formed at 
different stages of 
nebular evolution.
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From next year, Herschel Herschel SpaceSpace ObservatoryObservatory will observe the „cool universe“

Credits:ESA/AOES Medialab
The HssOHssO Program will result in a 
comprehensive set of sensitive and
well-calibrated spectra of water, its
isotopologues, and chemically related
species in Solar System objects: 
Mars, Outer Planets, Titan and
Enceladus, comets

Key Programme with guaranteed time:
"Water and Related Chemistry in the Solar System“
P.I.: Paul Hartogh (MPS Lindau)

III.- Helping us to solve problems



11.9.2008

ObtainObtain ffullull spectral scans with PACS and SPIREspectral scans with PACS and SPIRE. . 

determination of the cometdetermination of the comet spectral energy distribution (SED)spectral energy distribution (SED)
mineralogy mineralogy 
cometarycometary dust observation will provide important clues for dust observation will provide important clues for interpretation interpretation 
of the evolution of dusty disksof the evolution of dusty disks around young starsaround young stars

Observe HDO Observe HDO andand HH22OO tto determine D/H in o determine D/H in cometarycometary waterwater..
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Key Key diagnosticsdiagnostics-- Assembling Assembling thethe puzzlepuzzle

Cometary material (composition and structure)

Indirecty in situ, remote sensing:
Flybys, impacts, ground and space-based observations

Directly – laboratory study: sample return
PAHs

Water: the parameter D/H ratio and OPR

Appearance and structure of the nuclei ?

*characterization of the comet is crutial --> size, albedo, shape, rotation period of 
the nucleus. velocities, gas production rates, dust and gas activity
-combined ground-based and space observations 
*state-of-the art models of the gas distribution around the nucleus
*laboratory experiments

Conclusion

We derive a broad accurate velocity distribution We derive a broad accurate velocity distribution 
of the smallest dust particles produced by DI. of the smallest dust particles produced by DI. 
Our approach and models reproduce well the Our approach and models reproduce well the 
velocity distribution of the ejected particles. velocity distribution of the ejected particles. 
Evidence for the Evidence for the appropiatenessappropiateness of the models of the models 
and approach.and approach.
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questionsquestions
bonus materialbonus material

For extra-material (eg. Movies, papers, etc.) or any 
inquires, please contact Rengel by 

rengel@mps.mpg.de 
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