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Abstract

Molecularhydrogemlaysanimportantrole in mary astrophysicagénvironmentsamongwhich
arephotodissociatiomegions. A photodissociatiomegion is a gasrich interstellarregion, usually
in closeproximity to a hot centralobjectsuchas a massve staror stellarremnant. Sucha re-
gion hasa strongultraviolet continuumradiationfield, an ervironmentfavorablefor a variety of
atomic and molecularexcitation and emissionmechanisms.Of particularinterestis fluorescent
emissionof molecularhydrogenjn which a hydrogenmoleculeabsorbsan ultraviolet continuum
photonandis excitedinto ahigherelectronicandvibrationalstate. Theresultingfluorescencero-
ducesarich ultraviolet andinfraredspectrumhatwe canobsene usinga combinationof ground
andspace-basethstruments.This procesgedistritutesthe enegy from the illuminating source
andintroducesbyproductsthat caninfluenceadditionalprocesse# theseregions. | proposeto
studythis fluorescenemissionprocessusingexisting andfuture obsenations,in orderto better
constrairmodelsof enegy transportanddistributionin photodissociatiomegions.



1 Introduction

Molecularhydrogenis the mostalbundantmoleculein the universeandis importantto mary pro-
cessesn astrophysics.lt playsarole in situationsas diverseas structureformationin the early
universe(Lepp and Stancil 1998), densestar forming regions (Shull and Beckwith 1982), and
photodissociatiomregions (Martini, Sellgren,and DePqg 1999; Hollenbachand Tielens1997).
Molecularhydrogen(H») is importantasa coolantin astrophysicaénvironments.Thelowesten-
ergy electronictransitionto the groundstateof atomichydrogencorresponds$o a temperaturef
order10® K (hencethereis nomechanisnto allow thegasto shedenegy andlowerits temperature
muchbelow thisvalue),whereaghelowestrotationaltransitionsof H, correspondo temperatures
of only a few hundreddegrees.This efficiency asa coolantallows gasto releasenternalenegy
whencollapsingto form galaxieg(in theearlyuniverse)andstars(presentay).
Photodissociatiomegions (PDRs)areideal placesto obsene H, playinganimportantrole in
the transportandredistritution of enegy. Generally a PDR s aregion of predominatelyneutral
gasanddust(with afractionof the gasin molecularform), suchastheinterfacebetweeraregion
of ionizedatomicgasandcooler moleculargas.PDRsaregenerallybathedn anintenseradiation
field which interactswith the gasanddustthatactto transportthe enegy away from the source.
Undersuchconditions,molecularhydrogencanabsorbthe ultraviolet radiationfrom the nearby
sourceredistritutingtheenegy throughoutheelectromagnetispectrunvia thefluorescenemis-
sionproces®r changinghecompositiorof theregion throughits dissociatiorproducts. propose
to characterizeherole Hy playsin a subclas®of PDRs,usingexisting andfuture obsenations,in
orderto betterconstrairmodelsof the distribution andtransportof enegy in theseregions.

2 Physical Background

H> is a homonucleamolecule,and as such, it hasno intrinsic dipole moment,asonefindsin
a moleculesuchas carbonmonoxide. This lack of dipole momentmeansthat it radiatespri-
marily throughthe slower channelsof quadrupoletransitions. H, can be excited (or pumped)
into higherelectronicand vibrational statesby the absorptionof a far-ultraviolet (FUV) photon
(912 < A < 1108A) comingeitherfrom the UV radiationfield of a staror thelessintenseaverage
interstellarradiationfield. The absorptionof sucha photonpredominatelycausesan electronic
excitationto a higherboundstate(B'=} or C1), duringwhich the moleculecanalsobe excited
into a highervibrationallevel of the excited electronicstate,seeFigure 1. The moleculethen
emitsto adiscretevibrationallevel of thegroundelectronicstate(xlzg), producingafluorescent
spectrumn the UV from 912 — 1650A (Sternbeg 1989). The moleculecanthencascaddack
to the groundvibrationalstatevia the quadrupolgransitionsmentionedabove, producinga fluo-
rescenspectrumn the nearinfrared (NIR) (Martini, Sellgren,andDePq 1999). Approximately
10 - 15% of the time, this fluorescenpumpingprocesswill leave the moleculein the vibrational
continuumof the groundelectronicstate resultingin its dissociationShull andBeckwith 1982).
This fluorescenprocesscanbeimportantin determiningthe transportof enegy for a numberof
reasonsilt redistrilutestheflux from the exciting objectfrom anarrov window in the FUV (which
roughly correspondso the peakof the blackbodycurve for OB-typestars)to otherregionsof the
electromagnetispectrumin theUV, dusttendsto be stronglyfowardscatteringvith adecreasing
albedo(Burgh, McCandliss,and Feldman2002) so fluorescenemissioncanappeaito offsetthe



extinction effectsof dust(Witt etal. 1993;FitzpatrickandMassal990).

H, canaffectits own populationthroughfluorescenpumping. Pumpingleadsto a fractional
moleculardissociation,however the formation of H, on grainsis directly proportionalto the
amountof atomichydrogen(H 1) presentCazauxandTielens2002; Shull and Beckwith 1982),
hencehedissociatiorthatleadsto thedestruction of molecularhydrogeralsoaidsin its creation.
Additionally, the byproductsof thefluorescenprocessH | andvibrationally excitedH,, play im-
portantrolesin determiningthe chemistryof PDRs(HollenbachandTielens1997). Finally, grain
surfacecompositioncould be altereddueto accretionof the modifiedchemicalproducts(Whittet
1984).The propertiesof the dustitself (suchasits albedoandthe degreeof its forwardscattering)
canbeaffectedby changesn surfacecomposition.Changinghepropertieof grainscaneffectthe
overallextinctiondueto dustin theseregions. Clearly, fluorescenpumpingof molecularydrogen
canhave numerousandintertwinedconsequences.

Therearecomplicationsn the cleardetectionof the fluorescenprocessasH, canbe excited
into low-lying vibrationallevelsof the groundelectronicstateby collisionsin warmgaswhenthe
densityis above a critical value(x 10* cm~3). Suchthermaleffectscanbedueto the proximity of
the exciting source(hencethe strengthof theradiationfield) andshocksthusstrongnearinfrared
emissionof low-lying vibrational levels is not conclusve evidencefor the fluorescentprocess
describecaborve. Molecularhydrogenwill bedissociatedn a gaswith enoughthermalenepy to
produceelectronictransitions(Shull and Beckwith 1982), so detectionof the FUV spectrumof
H» is a clearindication of fluorescenfppumping. Other cluesaboutthe origin of the vibrational
excitation of H, cancomefrom a closerlook at the nearinfraredspectrum.Shocled gasin these
regionsis typically of ordera few thousandlegreesandonly thefirst few vibrationallevelsof the
groundelectronicstatecanbe substantiallypopulated Hence fluorescentlypumpedgaswill have
anenhancegbopulationof higherlying vibrationallevelscomparedo a thermallypopulatedgas
(Takamiet al. 2000). A ratio of transitionsbetweenrhigh-lying levelsto transitionsof low-lying
levels providesa diagnosticthat canbe usedregardlessof the absoluteH, population.It mustbe
notedthatboththermalandfluorescentlyexcitedpopulationgmay coexist in agivenspatialregion,
SO one expectsvariationson the valuesof theseline ratiosfrom objectto object(Takamiet al.
2000).

3 Targetsand Observational Goals

As asubclas®of PDRs,nearbyreflectionnelulae offer an opportunityto studymoleculargas. In
orderto unambiguouslyletectthefluorescenprocessedescribedabove, onedesireobsenations
of theseregionsin boththe FUV andNIR spectraregimes.Overthepastl5years,severalgroups
have recordedhe NIR spectraof the local reflectionnebulae, NGC 2023and 7023 (Matrtini, Sell-
gren,andDePq 1999; Takamietal. 2000). Thesespectrahave shavn emissionfrom molecular
hydrogenin several excited vibrationallevels of the groundelectronicstate. Additionally, NGC
2023wasrecentlythetargetof arocket-bornamagingspectrograplworkingin theFUV bandpass,
andshaved evidenceof emissionabove the modeledscatteredight profiles(Burgh, McCandliss,
andFeldman2002). However, the low resolutionof the rocket experimentdid not allow the dis-
creteemissionlines of Hy to be clearly resohed. The nelula IC 63 was recentlyobsened at
high resolutionby the Far Ultraviolet Spectroscopi@&xplorer(FUSE)andconfirmeda strongH»
emissionspectrum(Sternbeg 1989; Hurwitz 1998; Anderssoret al. 2002). The nelula IC 405



wasalsorecentlyobsenedby arocket-borneémagingspectrograplandshaws hintsof unresohed
molecularhydrogenemissionabove the scatteredight aswell asa steeplyrising ratio of nekular
surfacebrightnesgo stellarflux acrossthe bandpassf the instrument(900— 14004), shawn in
Figure2. Theratio of the nelular surfacebrightnesgo stellarflux canbring out contrastdetween
scatteringand otherprocessesccuringin the netula; andis independenbf an absolutecalibra-
tion. This behaior hasnotbeenobsenedin otherreflectionnelulaeandonepossibleexplanation
is a populationof fluorescingmolecularhydrogen(Franceetal. 2002).

| proposeto obtaincomplimentaryobsenationsof objectssuchasthesein orderto obtaina
morecompletepictureof thephysicalprocessegoverningPDRs.For thesepurposesgomplimen-
tary obsenationsincludethe onesdescribedabose andfuture obsenationsof their FUV spectraat
highresolution NIR spectraandfutureimagingspectroscopiopportunitiefrom soundingocket
experiments.FUV spectrapbtainablewith FUSE,areessentiafor observingthe electronictran-
sitionsof Hy, while theNIR spectrapbtainableusingIR spectrographen medium-sizedground-
basedtelescopesare neededo look for vibrational transitions. Oncefound, ratios of the NIR
emissionlines canreveal informationasmentionedabove. Futurerocket-borneimagingspectro-
graphobsenationswill allow for additionaltargets,explore uniqueabilities to studythe starand
the nelula simultaneouslyand provide a testbedfor the developmentof the next generationof
space-borneltraviolet instrumentation.

3.1 NGC 2023

NGC 2023is areflectionneklula in Orion, one of the brightestin the sky (Burgh, McCandliss,
andFeldman2002; Martini, Sellgren,andDePqg 1999). 1t is illuminatedby HD 37903,aB1.5V
starwhich is embeddedvithin the nelula (HD 37903,V = 7.84,d ~ 450 pc). NGC 2023was
one of the first objectsin which H, wasdetectedn the infrared, and several groupshave high-
quality datasetsof theseemissionsusingboth spectroscop andnarrov bandimaging (Martini,

SellgrenandDePq 1999;Takamietal. 2000).As discusse@bove, NGC 2023wasalsoobsened
by a rocket-bornelong-slit, imaging spectrograplat low resolution(R =~ 300) in the FUV and
thesedatashovedevidencefor emissionabove the scatteredight modelsusedto characterizéhe
nekula (Burgh, McCandlissandFeldman2002). The combinationof the FUV andNIR datasets
was the basisfor an accepted~USE proposalto obtain high resolutionspectrafor a variety of

pointingswithin the netula (McCandliss2002). Theseobsenationsare scheduledo be carried
outduringthe currentFUSEobservingeycle.

3.2 NGC 7023

NGC 7023is locatedin Cepheusat a distanceof approximately440 pc. The centralstaris HD
200775,a pre-main-sequend®3e (V = 7.42). As with NGC 2023,high quality infrareddatasets
exist, including imagesand spectra(Martini, Sellgren,and DePqy 1999; Takamiet al. 2000).
Witt etal., usinga combinationof spectrarom the HopkinsUItraviolet TelescopdHUT), aboard
Astro-1,anddatafrom Voyager2 explain the roughly constantatio of nekular surfacebrightness
to stellarflux in theregionfrom 1000— 1300A astheresultof fluorescentd, emissioroffsettinga
decreasinglustalbedo(Witt etal. 1993). Furtherobsenationsof NGC 7023with HUT (Astro-2)
revealthe strongdoublepealed emissionfeaturenearl600A characteristiof fluorescentolec-
ular hydrogen(unpublished)seeFigure3.



33 1C63

IC 63is adensecloudilluminatedfrom theside(in projection)oy y Cas,aBOIV starl.3pcfromthe
cloud (HD 5394,V =2.39,d ~ 190pc). FUV emissionfrom fluorescenmolecularhydrogernwas
first predictedoy Sternbeg anddiscoveredby Witt etal. in 1989with the Internationalltraviolet
Explorer(IUE), andmorerecentlyobsenedathigherspectratesolutionby theORFEUSelescope
andFUSE(Sternbeg 1989;Witt etal. 1989;Hurwitz 1998;Anderssoretal. 2002).IC 63 became
thefirst objectobsenedto exhibit H, fluorescencén boththe FUV andthe NIR whenLuhmanet
al. discoveredseveralNIR emissionlinesin 1997 (Luhmanetal. 1997).

34 1C405

IC 405 is a reflectionnelula in Auriga. The exciting staris AE Aur (09.5V), a high proper
motionrunavay from the Orion Nelula, thusnotbornin thecloudthroughwhichit is now passing
(HD 34078,V =6.0,d ~ 450pc) (Bagnuoloetal. 2001;Franceetal. 2002).IC 405wasrecently
obsenred by a rocket-bornelong-slit, imaging spectrograplat FUV wavelengths. Spectrataken

nearthe star shav several featuresthat appearto be coincidentwith known FUV H, features,
howevertheresolutionof the soundingrocket experiment(again,R ~ 300)is insufficientto make

a concretedetection.Obsenationsof HD 34078with FUSEshov Hy in absorptionandallowed

columndensitiego bederivedfor thefirst 19ro-vibrationallevels,sothecoincidence# therocket

dataarepromising(Le Petiteet al. 2001). Additionally, aHUT obsenation of IC 405 shows the

characteristiadouble pealed featurenear 1600 A mentionedabove (unpublished). A long-slit

spectrograplobtainsdataof the starandthe surroundingnehulosity simultaneouslyandanalysis
hasshavn thattheintegratednehlular surfacebrightnesgo stellarflux ratio risesby approximately
two ordersof magnitudeo theblue overthebandpassf therocket experiment.This dramaticrise

to shorterwavelenghtss notobsenedin eitherNGC 2023or 7023,anda populationof fluorescent
H> maybe contrikbuting to this discreperang

4  Proposed Observations

As mentionedabove, high spectratesolutionis necessarjor unambiguouslyletectingluorescent
emissionfrom molecularhydrogenin theseobjects. FUSE, with a resolvingpower of ~ 3,000
for filled aperturespectrais anideal instrumentwith which to obsene theseemissions.FUSE's
wavelengthcoveragg(905—1187A) doesnotencompastheentirerangeof UV emissiorfrom Ho,
but roughly 70% of the emissionfalls in its bandpas$Sternbeg 1989). This, combinedwith high
sensitvity make high quality FUV spectraobtainablewith FUSE.| planon proposingfor FUSE
obsenationsof several nelular pointingswithin NGC 7023 and IC 405in Cycle 4 (fall 2002).
The wealthof supportingdatamalke theseobsenationsfeasibleandattractve. Also, sinceFUSE
spectraof the exciting starsof the nelulae discussedabove exist (excepty Cas,which exceeds
FUSES brightnesdimit), thenelular surfacebrightnesgo stellarflux ratiosdiscusse@bovein the
casef NGC 2023,NGC 7023,andIC 405 canbedeterminedvith morecertainty usinghigher
signal-to-noise~UV datasets. Regardingy Cas,it is scheduledo be a target of a spectrograph
currentlyunderdevelopmenty the JohnsHopkinsUniversitySoundingRocket Group,which will
utilize advancement#n detectortechnologyin orderto obtainthe long-slit FUV spectraof y Cas



andIC 63 in thesameobsenation(McCandlissetal. 2002). Figure4 shons a syntheticmolecular
hydrogenemissionspectrumasit may beobsenedwith the JHU spectrograph.

TheseFUV spectrawill beusedin conjunctionwith theinfraredobsenationsdescribedbore.
IC 405 hasnot beenobseredin the NIR, to the bestof my knowledge,andin orderto complete
theobsenrationsthatwill allow for anequialentanalysisof theseobjects,| proposeo obtainNIR
spectraof IC 405.1 planto proposefor time onthe nearinfraredGRIsmspectrometeandIMager
(GRIM 11) at ApachePoint Obsenatory (APO) during eitherthe fall 2002 or winter 2003 call
for proposalqIC 405is unavailble during the springandsummer).l will be trainedon the APO
3.5-metertelescopeby Dr. StephanMcCandliss,who is a certified APO obsenrer (McCandliss
2002).

S5 Summary

Molecularhydrogenis themostalundantmoleculein theuniverse andplaysmary importantroles
in astrophysicaérvironments.Photodissociationegionsarecharacterizedby a strongultraviolet
radiationfield thatis incidentupona populationof gas(neutalatomicandmolecular)anddust. A
subclas®f photodissociatiomegions,reflectionnehulae,areanideal placeto studymolecularhy-
drogenasadiagnosticmf thephysicalconditionspresentFluorescenemissions producedvhena
moleculeabsorbsanultraviolet photonandproducesa characteristispectrumasit cascadeback
to the groundstateenepgy. By observingboth the ultraviolet and infrared spectraof reflection
nelulae,we may unambiguoushdeterminethe excitation mechanismgresentgitherfluorescent
or thermalin nature.l proposeto studya handfulof reflectionnehulaeusingboth existing andfu-
tureobsenationsto determinghe processeatwork, therebybetterconstrainingnodelsof enegy
transporianddistributionin photodissociatiomegions.
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Figurel: Enegy level diagramof molecularhydrogenshaving severalvibrationallevelsin both
the ground(Xlzg) andfirst excited (B'Z;) electronicstates.After beingexcitedinto the higher
electronicstate,a populationof moleculeswill producea fluorescenemissionspectrumasthey
returnto the groundelectronicandvibrationalenegy levels(the B — X transitiongivesriseto the
Lymanbandsystem).Figurecourtesyof Aki Robepge.
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Figure2: Theratio of nelular surfacebrightnesgo stellarfjux risesby two ordersof magnitude
overthebandpassf the JHUrocketexperiment900— 1400A. Thenehularoffsetpointingexhibits
asimilar trenddespitethedecreasedignal-to-noise.
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Figure 3: An unpublishedHUT spectrumof NGC 7023, shaving the double-pea&d emission
featurenear1600A. A modified\Wolvenmodelof fluorescentd, emissionis overplottedin blue.
The scatteredight continuumwasassumedo have the sameshapeasHD 2007 75afterapplying
ascalefactorandmultiplying by A%2°, following Witt etal. 1989.
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Figure4: A modifiedWolvenmodelof afluorescent, emissionspectrumlt hasbeencornvolved
with the expectednstrumentaprofile of a spectrograplinderdevelopmenty the JohnsHopkins
University SoundingRocket Group,seeSectiord. This profile doesnottake into accountn-flight
jitter.
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