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About Me
Jeff Mor genthaler

� 1988–1995softX-ray instrumentation

– MIT CCD lab seniorthesis:Soft X-ray QuantumEf�ciency of prototypeASCA CCD detectors(Mor-
genthaler1990)

– X-ray QuantumCalorimeter(XQC) soundingrocket payloaddevelopment(McCammonetal. 2002)
� 1995–Presentsoft diffuseX-ray background,ISM dataanalysis

– ShuttleSTS-54payload:DiffuseX-ray Spectrometer(DXS) (Morgenthaler1998;Sandersetal. 2001)
� 1997–2002CometHale-Boppdataanalysisof optical emissionlines ([O I] 6300 	A,

���

, OH 3080 	A,
[C I] 9850 	A: Morgenthaleret al. 2001,2002;Harriset al. 2002;Oliversenet al. 2002)

� 1997–PresentIo plasmatorusobservations(Oliversenet al. 2001)
� 2002–PresentIo plasmatorusdataanalysis
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Outline

� Basics

– What: Io plasmatorus. Io is themostvolcanicbody in thesolarsystem.Kicks off stuff that is
sweptup in Jupiter's magnetic�eld.

– Where:aroundJupiterroughlyat Io's orbital radius
– When: we limit observationsto a � � monthperiodevery 13 months(we get 2–8 weeksof

observingtimea year)
– Why: Unique(in solarsystem)sourceof plasmawithin a magnetosphere,fundamentalunder-

standingof plasmaphysics,plasmainteractionwith moons,moonatmospheres,“its there”
– How: McMath-Piercesolartelescopestellarspectrograph,lotsof computertime (MEF)

� Whathave we learned?

– Io [O I] emissiontracksmodelof plasmatorusdensity(Oliversenetal. 2001)
– Io [O I] emissiontracksothertorusactivity diagnostics(Oliversenetal., in preparation)
– Automaticreductionof 13yearsworthof ground-baseddatais hardbut not impossible.
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Io: the moldy pizza

Fig. 1.— Mercurycomparedto 7 largemoonsof theSolarSystem(Kaufmann& Freedman1999).

� Oneof thebig 7 moonsin thesolarsystem
� About thesamesizeasEarth's moon
� Themostvolcanicbodyin thesolarsystem
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Volcanismon Io

Fig. 2.— Evidencefor volcanismon Io (http://galileo.jpl.nasa.gov/images/io/ioimages.html).

� Causedby tidal forcesbetweenIo andJupiterwhich aremaintainedby orbital resonanceswith Europaand
Ganymede( ��� and �	� periodof Io)

� Materialreleased= SO
 , SO
� Directly or indirectly theprimarysourceof Io's atmosphere
� Otheratmosphericconstituents:S



, S,O, Na,K, Cl, [NaCl], H
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Io Immersed in the Jovian Magnetosphere
� Jupiter's magnetic�eld

– tilted by 10� with respectto rotationaxis

– offsetfrom centerof rotationby 0.13R�

– nota simpledipole

– rotatesevery9.925hours
� Ionsboundlongitudinallyto �eld linesbut freeto move in latitude
� Centrifugal andmagneticforcesbalancesotorustilt is 7�

� Flow of materialdown magnetotailinduceseast-westelectric�eld
� Varioustorusstructures:

– cold innertorus:inwarddiffusion

– ribbonnearIo's orbit: highestdensity

– warmoutertorus:T 
 = 5 eV with long,hot tail
� Io orbitsevery42.5hours;ion whipsaroundandhits theothersideof Io at57 ��� �����

� Plasmainteractionwith Io (andothermoons)is primaryatmosphericlossmechanism
� In the frame of referenceof the torus, Io moves ��������� ��! vertically and ��������� �"! radially thr ough

thesestructur es
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Fig. 3.— Visualizationof Jovianmagnetic�eld showing Io �ux tube,Nacloud,S II torus
(http://www.lowell.edu/users/spencer/digipics.html).
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Narr ow-band Imagesof the Torus

Fig. 4.— Narrow-bandimagesof S II 6731 	A (top left) and Na 5890 	A (bottom left) in the Jovian system
(CourtesyN. M. Schneider& J. T. Trauger). Right: PortableIo TorusToolbox (PITT) modelof S II 6731 	A
(CourtesyR. C. Woodward).
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Figure 7

Fig. 5.— Io's positionin the restframeof the plasmatorusat easternandwesternelongation (Oliversenet al.
2001,�g. 7). CoutoursindicateelectrondensitybasedonVoyagerdata(Bagenal1994).
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Io/plasma interactions

All kindsof interestingdynamicshaving to dowith a conductingobstaclein aplasma�o w

� Pile-up(nobow shock)
� Inducedcurrentfrom collisionsin ionosphere( #$�&% A)
� Atmosphericablation
� Massloading
� Wake
� Chargeexchangeresultingin weird jets

(http://ganesh.colorado.edu/� ray/animtorus/torus.cgi?sample text=75)
� Flux tube
� Otherthings
� Electron collisional excitation of atmosphericspecies,e.g. Oxygen
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Fig. 6.— STISO I] 1356 	A imageof Io at easternelongation(Retherfordet al. 2000;Retherford2002).Orange
circle is O I] 1359 	A emission
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Ground-basedobservationsof [O I ] 6300 	A

� Detectedin 1990(Scherb& Smyth1993)
� McMath-Piercesolartelescope,stellarspectrograph
� 1.5m telescope,')( �+*���� m
� Unoccultedbeam(no diffractionspikes)
� Worksbestin theecliptic
� BeamfocusedontoaBowen-Walravenimageslicerwith a5,-, .2 � 5,-, .2 FOV
� Echellespectrograph

– .0/+1�23( �

– lines= 20,100perinch

– � = 120,000at6300 	A (50milli 	A, 2.5 ��� �4��� )

– TI CCDsimilar to HSTWFPCI (i.e. old, slow readout)

– Temperamental,hardto repeatalignmentprocedures(workingon that)

– Availableatnightnearlycontinuously(sharewith oneotheruser)

– No adultsupervision
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Fig. 7.— McMath-PierceSolartelescope.Figurescourtesyof NOAO/AURA/NSF.
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Fig. 8.— McMath-Piercesolartelescopefacility StellarSpectrograph(SSG).
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Fig. 9.— ProcessedIo [O I] 6300 	A spectralimagerecorded2002Jan26 by the stellar spectrographat the
McMath-Piercesolartelescopefacility (upper).Spectralextractionsareshown below in thedispersion(middle)
andcrossdispersion(lower) directions.Seeingthis nightwas � 5

,-, .
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Fig. 10.—Unusualspectrumrecorded1997Oct14. CCDis binnedin theY direction– thatis notwhatis unusual
aboutthis spectrum.
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Lather, Rinse,Repeat

� Over 3000spectrarecordedsince1990
� Over 13,000calibration(bias,�at, comp,etc.) images
� Oliversenetal. (2001)reportonhandreductionof 1000spectra
� Not interestedin spendingmy NRC fellowshiphandreducing2000spectra
� Developedautomateddatareductionandspectral�tting softwareusingbasicarti�cial intelligencetechniques

– Robustalgorithmsprocessthedataonetime through

– Resultsstoredin anIDL astro-utilZDBASE

– Analysisprograms�nd patterns(e.g.�t polynomialsto parametersthatvaryslowly with time)

– Dataarecorrectedor re-reducedusingglobaltrends
� Automaticallyextractedall spectrain 6 daysof computertime (completed2003June26)
� Currentlyworkingonautomated�tting software
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AutomatedFitting Software

� ParameterizedFunctionObject(PFO)

– Objectorientednon-linearleast-squarescurve �tting routine

– Allows �tting functionto beeasilymodi�ed at runtime

– Written in IDL (ImageDisplayLanguage)

– Basedonastro-utilpackageMPFIT
� SolarSystemObjects(SSO)

– Interfacesolar(Moore et al. 1966;Pierce& Brekenridge1973;Allende Prieto& GarciaLopez1998)
andatmospheric(e.g.HITRAN; Rothmanet al. 2003)line lists to PFOsoftware

– Handlesmulti-re�ection, multipleDopplershifts

– Soon:InterfaceJPLHORIZONSephemeridesto IDL datastructures
� Software works togetherto allow a physically realistic model of the entire target/atmosphere/instrument

system

– Freeparametersare: dispersionrelation, solar and Io Doppler shifts, continuum�ux, line equivalent
widthsandline widths(Voigt pro�les areusedfor stronglines)
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Fig. 11.—SSO�t to “unusualspectrum”recorded1997Oct14. 23 lineswereusedin the�t.



– 19–

Fig. 12.—ComparisonbetweenIo [O I] intensities�t by handand�t automatically.
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Fig. 13.—Io [O I] �t Dopplervelocityvs. Io geocentricephemerisvelocity (Oliversenetal. 2001,�g. 2).
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Link betweenplasmaand 6 7$8:9 ; emission

� Plasmatorustilted 7� relative to Io's orbit
� TorusrotatesfasterthanIo orbits(57 ��� �$��� at Io)
� Even if toruswasa simpledoughnut,plasmaconditionsat Io shouldcorrelatewith Io's magneticlongitude

(systemIII)
� Oliversenetal. (2001)show thiscorrelationbasedon1000measurementsrecordedover 10years
� Detailed(but static)modelof theplasmatoruscantrackthedatawell in somecases(Oliversenet al. 2001,

�gs. 10–11)
� [O I ] emissionseemsto bean effective in situ proxy for torus plasmadensity
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Fig. 14.—MeasuredIo [O I] intensitiesovera10-yearperiodasa functionof Jovianmagneticlongitude(system
III) (Oliversenetal. 2001,�g. 4). Solid line is averageover 10� bins.
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Figure 11

Fig. 15.—Measuredandmodeled[O I] 6300 	A emissionfrom Io (Oliversenetal. 2001,�gs. 10–11).
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Corr elating Multiple Datasets

� Our “unusualday,” 1997Oct14happensto beduringanHST/STISobservation(Roesleretal. 1999)
� STISseesneutralandion emissionsincrease
� Simultaneous[S II ] 6731 	A imagesof thetorusaregenerallyincludedin the[O I] observingcampaigns(e.g.

Woodwardetal. 2000)
� Persistent,or at leastrepeatingazimuthalasymmetryis seenin the [S II ] 6731 	A torusat this systemIII

longitudeduringthis time period
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Fig. 16.—Sumof raw STISdata1997Oct 14 (Roesleret al. 1999,�g. 1). Extendedemissionfrom thetorusis
seenin theion lines.
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Fig. 17.—S II 1256 	A pro�les on 1997Oct 14 for eachof theSTISG140Limages.Theedgesof thedisk of Io
areshown asdottedlines. PITT modelof torusemissionis shown (dashedlines)andscaledandoffset to match
data(solid lines).
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Fig. 18.—S II 1256 	A pro�les on1998Aug 23. Compareto �g. 17.
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Fig. 19.—Comparisonof Io atmosphericemissionsfor neutral(top) andion (bottom)ultraviolet emissionlines
from HST/STISandthe [O I] 6300 	A emissionline (middle). TheUV ion resultsdependon thesubtractionof
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Fig. 20.— Model Io [O I] surfacebrightnessvs. observationsfor 1997October14. SimultaneousHST/STIS
ultraviolet measurementsfor O andSemissionsfrom Io wereobtainedin theshadedareas.
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Fig. 21.— Narrowbandimagesof the Io torusin [S II ] 6731 	A. Jupiteris attenuatedby a neutraldensity�lter .
The Galileanmoons,suchas Io, interferewith the observations. A persistent,or at leastrepeatingazimuthal
asymmetryin the [S II ] 6731 	A torus is seenin the 1997Sept–Octtimeframe(Woodward et al. 2000). [S II ]
imagesfrom 1999(lastpanel)andotherauthors(e.g.�g. 4) donotalwaysshow asymmetries.
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Do wehavea believable “smoking gun?”

� Maybe
� Azimuthal enhancementin the plasmatorusthat seemsto persistover at leasta several weektime period

around1997Oct14
� Enhancementin plasmatorusseenin STISdata
� Io brightensin neutralUV andopticallineson1997Oct14
� Io brightensin UV ion lines(modeldependent)

What doesit mean?

� Ground-based[O I] 6300 	A observationscanbeusedasaproxy for torusactivety
� We canbegin to understandthedynamicsof thetorussystem
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Futur eplans

� Full reductionof ground-based[O I] dataneeded,completewith upperlimits ondayswith weaksignal
� Closeto closingtheloopon fully automatedspectralextractionand�tting process
� Accurateephemerisdatafor eachGalileanmoonduringeachof the3000+observationsis needed
� Unbiasedstatisticaltreatmentessentialfor believability of [O I] 6300 	A dataset
� [O I] 6300 	A datasetwill beoptimally reducedandarchived,hopefullyin thePDS
� Webinterfaceto ZDBASEof (Oliversenetal. 2001)resultsis operational
� Continuedreductionof [S II ] 6731 	A images,improvementof analysistechniquesareneeded
� Completeanalysisof STISion lines
� Correlationwith otherdatasets(e.g.volcanicactivity, positionsof othermoons,�ux tubefootprint,etc.)
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