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Abstract. The University of Wisconsin—Madisorand NASA—-Goddardconducteda com-
prehensie multi-wavelengthobservingcampaigrof comaemissiongrom cometHale-Bopp,
including OH 3080 A, [O 1] 6300A, HoO" 6158A, H Balmera 6563 A, NHy 6330A,
[C 1] 9850A CN 3879A, C» 5141 A, C3 4062A, C | 1657 A, andthe UV and optical
continua.ln this work, we concentrat®n the resultsof the H,O daughterstudies Our wide-
eld OH 3080A measuredux agreeswith other similar obserationsandtheexpectedvalue
calculatedrom publishedvaterproductionratesusingstandardi, O andOH photochemistry
However, thetotal [O 1] 6300A ux determinedspectroscopicallgverasimilar eld-of-view
wasafactorof 3 — 4 higherthanexpected Narrav-band[O 1] imagesshaw this excesscame
from beyondtheH»O scalelength,suggestingithera previously unknavn sourceof [O 1] or
anerrorin thestandardOH + v — O(*D) + H branchingatio. TheHale-BoppOH and[O 1]
distributions,bothof whichwereimagedto cometocentriclistances> 1 x 108 km, weremore
spatiallyextendedhanthoseof cometHalley (aftercorrectingfor brightnesslifferences)sug-
gestinga higherbulk out ow velocity. Evidenceof the driving mechanisnfor this out ow is
foundin theHe line pro le, whichwasnarraver thanin cometHalley (thoughlikely because
of opacityeffects,notasnarrav aspredictedby Monte-Carlomodels).Thisis consistentvith
greatercollisionalcouplingbetweerthesuprathermaH photodissociatioproductsandHale-
Bopp's densecoma.Presumablypecausef massloadingof the solarwind by ionsandions
by the neutralsthe measuredcceleratiorof HoO+ down theion tail wasmuchsmallerthan
in cometHalley. Tailward extensionsn the azimuthaldistributionsof OH 3080A, [O 1], and
[C 1], aswell asa Dopplerasymmetryin the[O 1] line pro le, suggesion-neutralcoupling.
While thetailwardextensionin the OH canbeexplainedby increasedheutralaccelerationthe
[O 1] 6300A and[C 1] 9850A emissionshav 13% and > 200% excessesn this direction
(respectiely), suggestinga non-ngligible contritution from dissociatve recombinationof
CO™ and/orelectroncollisional excitation. Thus, modelsincluding the effects of photo-and
collisionalchemistryarenecessaryor thefull interpretatiorof thesedata.

Keywords: Carbonmonoxide,comets C/199501 (Hale-Bopp),dissociatve recombination,
electrorcollisionalexcitation,hydrogerBalmer—a coma hydroxylradicalphotodissociation,
metastabl@xygencoma,waterphotochemistrywaterproductionrate
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2 Morgenthaleetal.

1. Intr oduction

Oneof themajorgoalsof cometarystudiesis to nd therelative abundances
of materialsin the nucleusin orderto answerfundamentafjuestionsof the
origin andevolution of cometsandthe SolarSystem.Until the detailedbulk
propertiesof several cometsare probedby spacecraft visits, we mustrely
on remotesensingstudiesof the cometnucleussurface,coma,anddustto
determingelative abundancesThe schemédor usingremotesensingstudies
to derive cometaryabundanceatiosgoessomethindik e this:

— Countall thephotonsproducedn afew key comaemissiorlines
— Understandhow thesephotongrelateto parentpopulations

— Understanchow outgassingatesrelateto intrinsic nuclearatundance
ratios

— Derive alundanceatios

Spectroscop and narrav-bandimaging are the tools usedfor isolating
comalines.Becausenosttelescopebave narrav elds of view (FOVs) com-
paredto the typical cometarycoma,full interpretationof the datadepends
on modelsof the cometatmosphereand comaemissions.The smallerthe
telescopd-OV, the moretenuousthe connectiorbetweerthe measuredux
andtheintrinsicproductiorrateof thetamgetspeciege.g.,CochrarandSchle-
icher, 1993).

For threedecadesthe University of Wisconsin—Madisomasspecialized
in using Fabry-Ferot (FP) spectrometer$or sensitve studiesof faint, dif-
fuseemissiondrom the Earth's atmospheregbjectsin the solarsystem,n-
cludingcometsandthe lo plasmatorus,andthe Galaxy(e.g.,Nossalet al.,
2001;Magee-Sauestal.,1988;Woodwardetal., 1994;Reynolds,2002).FPs
have the advantageof providing very high spectrakesolutionandsensitvity
with a very wide FOV (Roesleret al., 1995). FPscan be usedastuneable
narrav-band Iters for imaging applications(e.g., g. 2) or for wide- eld
spectroscop (e.g.,Morgenthaleret al., ????theseproceedings)Thus,they
arean excellenttool for measuringcomaemissionsFP datacanbe usedto
constrainthe modelsneededo relatecomaemissiondo parentpopulations
and the modelsneededfor the interpretationof datacollectedwith more
corventionalobserationtechniques.

In mostcometaryatmospherednteractionswith the solarwind andra-
diation eld arethe dominantmechanismgor shapingthe coma:collisions
betweeratmosphericonstituentsn typical cometsonly occurwithin a few
%103 km of the nucleus(Whipple and Huebney 1976). CometC/199501
(Hale-Bopp)was not typical. With a waterproductionrate, Q(H,0) > 1 x
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103! moleculess™!, at perihelion,Hale-Bopps collision sphereextendedto
r ~ 10° km (Combi et al., 1999; Harris et al., ???? theseproceedings),
which is comparablédo the photodissociatiorscalelengthof H,O at1 AU.
Thus,ratherthansimpleHaser(1957)or vectorial(Festou,1981)models,in
mostcasessophisticatediydrodynamicor Monte-Carlomodels(e.g.,Crifo
andRodionw, 1999; Combiand Smyth,1988)areneededo fully interpret
Hale-Bopps comaemissions.

Our collaboratie teamfrom the University of Wisconsin—-Madisorand
NASA-Goddardconducteda comprehense ground-basedtudy of Hale-
Bopp during its perihelionpassagavith the goal of mappingthe intensity
distributionsandspectraline shape®f several speciesnotablyH,O daugh-
tersand C(!D). In this work, we brie y summarizeall of the obserations
andresultsto date.

2. Obsewations

Nine instrumenton eighttelescopesvereusedin the Wisconsin/GSF®b-
servingcampaignTablel shavs whichtelescopegachinstrumentwascou-
pledto. Several of the telescopesvere locatedon Kitt Peak,including the
0.6m siderostaand150mm FPimagingspectrometethatcomprisethe Wis-
consinHa Mapper(WHAM; Tufte,1997),the McMath-Piercd MMP) solar
Wisconsinindiana, Yale, NRAO (WIYN), and Burrell Schmidttelescopes.
TheHalfwave Polarimete{HPOL), animagingspectropolarimetdiseee.g.,
Meyer etal., 2002),waslocatedat the PineBluff Obseratory (PBO)in Pine
Bluff, Wisconsinand the ADOPT adaptve optics imagerwas coupledto
the 100’ Hooker telescopeat Mt. Wilson. The Wide- eld Imaging Suney
Polarimete(WISP)is a UV soundingrocket payloadwhichwas o wn from
White SandsMissile Rangeon 1997 April 8. As indicatedin Tablell, WISP
recordedspectropolarimetrionagesof Hale-Boppin C | 1657A andtheUV
continuumat 2700A. Thecon guration of thisinstrumentandthe resultsof
theseobserationsarepresentedby Harrisetal. (1999).Imagesof Hale-Bopp
were recordedby the Burrell Schmidtand Hooker 100" telescopesising
the narrav-band lters indicatedin Tablesll-Ill on the datesindicatedin
Figure 1. The Burrell hada 1° FOV andimagedthe full spatialextentthe
speciesobsered; the ADOPT systemhada 22" FOV and capturecthe de-
tailedstructureof theinnercoma.Both the DensepalandHydraMOSswere
usedto obsere Hale-Boppover a 300 A bandpassenterecbn 6250A. The
DensepakMOS is a hexagonalarrayof ninety-one3” bers on 4" centers.
The Hydra MOS hasninety-six bers, eachwith a 3" FOV which canbe
arrangedvith very few constraintsvithin a1°diametef~OV. For theseobser
vations,Hydrawascon guredwith the bers in concentriaingscenterecn
thenucleusasindicatedin Figure2.
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4 Morgenthaleetal.

Tablel. Wisconsin/GSF®&ey to InstrumentsandTelescopes

Instrument Telescope

WISP (UV imagingpolarimeter) 0.3m soundingrocket 36.157UL
Burrell Schmidt(wide- eld imager) 0.6m Schmidt Kitt Peak

WIYN MOS (HydraandDensepaltMOS) 3.5m WIYN, Kitt Peak

WHAM FP (imager/spectrometer) 0.6 m WisconsinHa Mapper Kitt Peak
MMP 150mm FP (imager) 0.9m McMath-PierceMestAuxiliary
MMP 50 mm FP (spectrometer) 2.0m McMath-PierceMain, North Port
PBOHPOL (imagingspectropolarimeter) 0.9 m PineBluff Obsenratory

ADOPT (adaptie opticsimager) 2.5m (100") Hooker, Mt. Wilson

Tablell. Wisconsin/GSF& ey to Obsenations

Instrument EmissionSource A(A) R!
WISP Cl 1657 + 50

WISP UV Continuum 2700 + 35

Burrell Schmidt CN, C,, Cs,

OH, Cont.(blue,green) Tablelll
Hooker 100’ ADOPT CN, Cy, H2OT,

Cont.(blue),R-band Tablelll

WIYN MOS H,O%,NH,,[01],C.  6100-6400 15,000
WHAM 150mmFP [0 1] 6300 25,006
WHAM 150mmFP  H,Ot 6170 25,006
MMP 150mm FP H,Ot 6158 15,000
MMP 50 mm FP [01] 6300 60,000
MMP 50 mm FP Ha 6563 60,000
MMP 50 mm FP [C1] 9850 40,000
PBOHPOL Continuum 3200-10,500 500

resolvingpower (\/AN)
Zimagingandspectrakapabilities

We operatedhethreeFPsin oneof two modesimagingor spectroscopic.
In the rst casethe sky is imagedonto a CCD camerathroughthe FP. An
iris canbe usedto adjustthe bandpas®f the image,from the free spectral
rangeof the instrumentdown to the intrinsic resolvingpower. The central
wavelengthof theimagecanbe adjustedo a precisionmuchbetterthanthe
intrinsic resolving power of the instrument.In spectralmode,the FP ring
patternis imageddirectly onto the CCD, capturingthe entire free spectral
rangeof theinstrumenin oneexposure Althoughchangingoetweerimaging
and spectralmodeis a simple matterof insertingor remaoving lenses,we
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Tablelll. Filter Speci cations

Filter Al

OH 3090 + 31
CN 3870 + 31
Cs 4062 + 31
Blue Cont. 4450 + 33
C, 5141 + 59
GreenCont. 5260 =+ 28
R-band 6450 + 700
H,O" 7020 + 85

!center+ bandpas$A)

WISP — L] -

Burrell Schmidt

Hooker 100" ADOPT — - -
WIYN MOS - M- o |

WHAM [OI] — - x |

WHAM H,0* - - x |

MMP150mmFP Hy0*

MMP50mmFP [01] - —- e o - |
MMP50mmFP Ha [ m -
MMP50mmFP [CI] - .

PBO HPOL— = - - O ——

13 Sep 1996 12 Nov 1996 11 Jan 1997 12 Mar 1997

Figure 1. Summaryof Wisconsin/M\SA-GSFCcometHale-Boppobserations.

recordeddatawith the 150 mm FP on the MMP only in imagemodeandthe
50mmFPonly in spectramode WHAM datawasrecordedn bothmodes.

3. Data Reduction

The Burrell Schmidt OH images,WHAM [O 1] spectraand images,the
WISP UV images,and most of the WIYN MOS spectrahave beenfully
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6 Morgenthaleetal.

and optimally reduced.The resultsof the WIYN MOS NH, analysesare
reportedelsavhere(Glinski et al., 2001). The He, [C 1], and[O 1] spectra
from the50 mm FPattheMcMath-Piercaelescopearefully reducedthough
re nementsin thesereductiondiscussedy Morgenthalertal. (????these
proceedingsimay leadto more stablesurfacebrightnessvaluesand,in the
caseof Ha, detailedline shapesThe HPOL datahave beenreducedby
pipeline software, which megesthe entire 1’ FOV. Extractingthe spatially
varying componentsof the dust polarizationas a function of wavelength
within that1’ FOV requiressoftwarethathasyetto bedeveloped Thenarrav-
band Iter imagestaken at Mt. Wilson have beenpreliminarily reducedand
shaw structuresimilarto thatseerby otherobsenrers,but we areunsureof the
effectof thediffusenatureof Hale-Bopps innercomaonthe ADOPT system
andthe resultingimagequality None of the WHAM H,O* dataandonly
onenight of the McMath-Piercel50mm FPH,O* datahave beenreduced.
Similarly, exceptfor OH, thenarrav-band Iter imagegakenwith theBurrell
Schmidttelescopeemainunreduced.

4. Results

4.1. OH AND O(!D)

The Burrell SchmidtOH imagesandthe WHAM [O 1] spectraweretaken
overasufciently largeFOV (1°, or 1 x 10% km for Hale-Boppat perihelion)
that essentiallyall the emissionfrom thesespeciesvasdetectedUsing the
OH 3080 A g-factor Harris et al. (???? theseproceedings)nd OH pro-
ductionrates,Q(OH), consistentvith otherresults.Usingstandardd,O and
OH photochemistryHarris et al. corvert theseQ(OH) valuesinto Q(H2O)
valuesthat also agreewith otherresults(e.g., Combi et al., 2000). Using
the Combietal. Q(H-O) valuesandstandardd,O andOH photochemistry
(Huebnetretal., 1992;vanDishoeckandDalgarno,1984),[O 1] spectrdrom
four instrumenton threetelescopesaken over the spanof two monthsshav
evidenceof 3 — 4 timesmore[O I] emissionthanexpected(Morgenthaler
etal.,2001).Morgenthaleetal. (2001)presentadialpro les of the WHAM
[O 1] imageshavn in Figure?2 from regionsexcludingthetailward extension
(discusseth §4.5)to demonstratéhatthisexcesscamefrom beyondtheH,O
scalelength.This suggest®ithera previously unknavn sourceof O('D) or
anerrorin the OH + v — O('D) + H branchingratio of van Dishoeckand
Dalgarna(1984).UsingtheexperimentallydetermineddH photodissociation
crosssectionat Lya of NeeandLee (1984)asa guide,Morgenthaleret al.
proposea modi cation to the OH crosssectionthat predictsthe obsered
[O 1] without unduemodi cation to thetotal OH photodissociatiotifetime.
Becauseof differing excessenegies of photodissociationnodi cation of
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the branchingratio implies a changein the Ha line shapewhich may be
detectablen our Ha data(§4.2).

4.2. Ha

As describedby Morgenthaleret al. (???7?theseproceedings)ywe measure
Hale-Bopps Ha line width to be 11 — 13 km s~ (FWHM) for a ~ 2.7 x
10° km FOV centered~ 3.3 x 10° km sunward of the nucleus This is sig-
ni cantly broaderthanthe intrinsic line width of 4.5 km s—! predictedby
Monte-CarlotechniquegCombi, 2002, private communication) Opacityin
theHe lineislikely thereasorfor thisdiscrepang As shavn by Smythetal.
(1993),the Hex line pro les predictedoy theseMonte-Carlosimulationsare
quite complicated;H atomsare producedin photodissociatioraventswith
a variety of excessenegies and are thermalizedwith varying ef ciencies,
dependingon the local comadensity The 5 km s~! resolutionof our Hale-
BoppHa measurements sufcient to revealsomeof thispredictedstructure
and may be usefulin testingthe hypothesisposedby Morgenthaleret al.
(2001),thatthe van DishoeckandDalgarno(1984)OH + v — O('D) + H
branchingratio maybetoolow (§4.1).

4.3. [C 1] 9850A

Becausef Hale-Bopps$ high productionrateandresultingbrightnessmary
emissionlines previously undetectear mamginally detectedn cometswere
obsered andstudiedin detail. The rst ground-basedetectionof cometary
[C 1] emissionwas reportedby Miinch et al. to the InternationalHalley
Watchhotline (Tozzietal., 1998).Oliverseretal. (2002)wereableto obtain
guantitatve [C 1] emissionmeasurementsn 11 nights,including measure-
mentsoff the nucleusin the sunward andanti-sunverd directions.Oliversen
etal. nd afactortwo more[C 1] emissiontailward comparedo sunward
for ~ 2.7 x 10° km diameterFOVs centeredat cometocentriaadii of ~
3.4 x 10° km. The emissionobsered in the tailward directionis roughly
consistentith a photodissociatiomodelbut sincethe distribution of other
specieshaw tailwardextensiongatherthansunwardde cits, Oliverseretal.
proposethat the spatialdistribution of [C 1] is primarily determinedby ef-
fectsotherthanphotodissociatiaror instancedissociatie recombinatiorof
CO™ wascitedasthemajorsourceof [C 1] 1931A emissionin cometC/1975
V1-A (West;Feldman,1978).As discussedn §4.5, electroncollisional ex-
citationof C is alsoa possiblemechanismAs a resultof theseeffects,even
with the relatively large FOV (4'.1) of the 50 mm FR it is not possibleto
simply invertthe [C I] ux valuesto obtainan estimateof Q(CO),asdone
for [O 1] andQ(H20O). Rathey a sophisticatedjlobal comamodelis needed
to describethe complex photo-andcollisional chemistryof the neutralsand
ionsasa functionof positionin thecoma.
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8 Morgenthaleetal.

4.4. H,OT VELOCITY DISTRIBUTION

Preliminaryanalysisof the MOS data(Anderson,1999) shavs that the ac-
celeratiorof H,O1 down thetail of Hale-Boppwas16—-19cms~2 compared
to 30—300cm s~2 in Halley (Scherbet al., 1990). This suggestshat mass
loadingof the the solarwind and/orcollisionsbetweertheionsandneutrals
playamoreimportantrolein Hale-BoppthanHalley. Usingvelocity resohed
H,O™" imagesrecordedwith WHAM andthe 150 mm FP at the McMath-
Piercetelescopeye expectto mapthe comaion velocity distribution on up
to 20 nights between1997 Jan30 and Apr 16. Thesemapswill constrain
global modelsof the neutral/ioninteractionsand may provide a clue to the
causeof the asymmetrieseenin our OH, [O 1] 6300A, and[C 1] 9850A
data(§4.5).

4.5. TAILWARD ASYMMETRY

The OH 3080 A, [O 1] 6300A, and[C 1] 9850 A datashav extensions
in the tailward direction.Harris et al. (2002,??7?7?theseproceedingsshav
that in OH, this extensionlies somevhere betweenthe ion and dust tails.
Harris et al. aguethatthe total amountof OH in this azimuthalslice of the
comais the sameasin the otherdirections,but it is accelerateanorethan
elsavhere,resultingin a lower surface brightnesscloseto the nucleusand
a highersurfacebrightnesdurtheraway. Harris et al. suggesthat collisions
betweenions and neutralsin Hale-Bopps densecomaare responsiblefor
both the low HyO™ acceleratior(§4.4; Anderson,1999) and the increased
acceleratiorof OH in theanti-sunvard direction.

Figures2-3 shaw a similar result for the [O 1] data.Furthermorethe
high resolution[O 1] spectrarecordedby the 50 mm FP over its 2’ radius
FOV (centeredon the nucleus)shav red wings (Morgenthaleret al., 2001,
g. 4), which, giventhe viewing geometryis consistentvith O('D) atoms
0 wing down theion tail. This providespartialsupportfor theion collisional
acceleratiormechanisnproposedoy Harris etal. However, unlike the OH
emission,the [O 1] emissionshavs a 13% excessin the tailward quadrant.
Becausehereis no excessOH emission,we can assumethat thereis no
additionalsourceof H,O or OH in this region, andthatthe extra O('D) is
comingfrom someothersource.Thelikely sourcesare:electroncollisional
excitationof O anddissociatie recombinatiorof oxygen-bearingpecies.

Supportfor electroncollisional excitation of [O 1] 6300 A is provided
by the detectionof [O 1] 1356 A emissionat cometocentriadistancesof
1.6 x 10* km (McPhateet al., 1999),sincethis transitionis not excited by
dissociationAlthoughcollisionalexcitationcrosssectionsarehighly enegy
dependentit is reasonabléo assumea broadenoughelectronenegy dis-
tribution in the comaso that collisional excitation of [O I] 6300 A (and
[C 1] 9850 A) is also implied. Supportfor dissociatre recombinationof

review.tex; 24/10/2002; 10:14; p.8



GasProductionRateandComasStructureof Hale-Bopp 9

km x 10° in sky plane North -

1.5
1.0
0.5
: S //\\\
|- ///_\\\
ool / @)
L N
: \\\ ///
r %a//ring 4
-0.5
r Hydra ring 5
-1.0
r ydra ring 6 N
71.5 + L L ‘ L L ‘ L L L ‘ L L L L ‘ 1 1 ‘ 1 1 ““
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
km x 10° in sky plane West -
1 10 100 1000
Rayleighs

Figure 2. Hale-BoppMarch5imagewith [O 1] 6300A emissionshavn in grayscale dustin
contoursandcirclesshaving positionsof the Hydraannuliplottedin g. 3. The edgeof the
1° WHAM FOV canbeseenin thedustcontoursn the upperright handcornerof theimage.
Theangularradii of theHydraringsare:0'.67,1'.15,2'.4,6', 14, and22.

CO™ comesfrom the strongtailward asymmetryseenin our [C 1] 9850 A
data(§4.3). This effect would also contrikute to the tailward excessin the
[O 1] 6300A emission.

5. Conclusions
Particle densitiesn a cometarycomaanddusttail spanthe rangefrom near

terrestrialatmospherido interplanetaryandare unperturbedy the gravita-
tion of thenucleusThus,thecomaanddusttail provide excellentlaboratories
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Figure 3. Comparisorof theWHAM andHydra[O 1] data.Thetrianglesshav theazimuthal
distribution of the[O 1] surfacebrightnesstheasteriskshav thedustsurfacebrightnessThe

Hydrasurfacebrightnessvaluesareplotteddirectly, with the greyscaleandlegendindicating

whichringin g. 2thedatacorrespondo. Thevaluesfor the pointsin thetop right plot were
derivedfrom theWHAM imageby dividing it into 5-pixel wide rings(1 pixel = 0."8) centered
ontheHydraringsand nding the averagepixel valuein 20 azimuthalbins.

for studyof gascollisional chemistry solarphotochemistrythe solarwind,
metastablstateemissionsdustpolarization etc.For propercharacterization
of theseeffects, it is essentiato obsere diffuse comaemissionsrom the
majorcometaryvolatilesandtheir daughteproductso distancedeyondthe
photodissociatiorscalelengthsof the emitting species.The high sensitv-
ity, wide- eld, narrav-bandimagingandspectroscopicapabilitiesof Fabry-
Pérot spectrometersisedby the Wisconsin/GSFQeam,complementedy
corventionalmulti-objectspectroscop andnarrav-band Iter imagingpro-
videdthe necessargetof datafor studyingdetailedcomaphysicsin Hale-
Bopp. With a more completeunderstandingf cometarycomee the funda-
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mentalquestion®f cometarycompositiorandorigin canbemoreaccurately
studiedwith remotesensingechniques.
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