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Abstract

Molecularhydrogenplaysanimportantrolein many astrophysicalenvironments,amongwhich
arephotodissociationregions. A photodissociationregion is a gasrich interstellarregion, usually
in closeproximity to a hot centralobject suchasa massive staror stellar remnant. Sucha re-
gion hasa strongultraviolet continuumradiationfield, an environmentfavorablefor a varietyof
atomicandmolecularexcitation andemissionmechanisms.Of particularinterestis fluorescent
emissionof molecularhydrogen,in which a hydrogenmoleculeabsorbsanultraviolet continuum
photonandis excitedinto ahigherelectronicandvibrationalstate.Theresultingfluorescencepro-
ducesa rich ultraviolet andinfraredspectrumthatwe canobserve usinga combinationof ground
andspace-basedinstruments.This processredistributesthe energy from the illuminating source
andintroducesbyproductsthat caninfluenceadditionalprocessesin theseregions. I proposeto
studythis fluorescentemissionprocess,usingexisting andfutureobservations,in orderto better
constrainmodelsof energy transportanddistribution in photodissociationregions.



1 Introduction

Molecularhydrogenis themostabundantmoleculein theuniverseandis importantto many pro-
cessesin astrophysics.It playsa role in situationsasdiverseasstructureformationin the early
universe(Lepp and Stancil 1998), densestar forming regions (Shull and Beckwith 1982), and
photodissociationregions (Martini, Sellgren,and DePoy 1999; Hollenbachand Tielens1997).
Molecularhydrogen(H2) is importantasa coolantin astrophysicalenvironments.Thelowesten-
ergy electronictransitionto thegroundstateof atomichydrogencorrespondsto a temperatureof
order105 K (hencethereis nomechanismto allow thegasto shedenergy andlowerits temperature
muchbelow thisvalue),whereasthelowestrotationaltransitionsof H2 correspondto temperatures
of only a few hundreddegrees.This efficiency asa coolantallows gasto releaseinternalenergy
whencollapsingto form galaxies(in theearlyuniverse)andstars(presentday).

Photodissociationregions(PDRs)areidealplacesto observe H2 playingan importantrole in
the transportandredistribution of energy. Generally, a PDRis a region of predominatelyneutral
gasanddust(with a fractionof thegasin molecularform), suchastheinterfacebetweena region
of ionizedatomicgasandcooler, moleculargas.PDRsaregenerallybathedin anintenseradiation
field which interactswith thegasanddustthatact to transporttheenergy away from thesource.
Undersuchconditions,molecularhydrogencanabsorbthe ultraviolet radiationfrom the nearby
source,redistributingtheenergy throughouttheelectromagneticspectrumvia thefluorescentemis-
sionprocessor changingthecompositionof theregionthroughits dissociationproducts.I propose
to characterizetherole H2 playsin a subclassof PDRs,usingexisting andfutureobservations,in
orderto betterconstrainmodelsof thedistributionandtransportof energy in theseregions.

2 Physical Background

H2 is a homonuclearmolecule,andassuch,it hasno intrinsic dipole moment,asonefinds in
a moleculesuchas carbonmonoxide. This lack of dipole momentmeansthat it radiatespri-
marily throughthe slower channelsof quadrupoletransitions. H2 can be excited (or pumped)
into higherelectronicandvibrationalstatesby the absorptionof a far-ultraviolet (FUV) photon
(912 � λ � 1108Å) comingeitherfrom theUV radiationfield of astaror thelessintenseaverage
interstellarradiationfield. The absorptionof sucha photonpredominatelycausesan electronic
excitationto a higherboundstate(B1Σ

�
u or C1Πu), duringwhich themoleculecanalsobeexcited

into a higher vibrational level of the excited electronicstate,seeFigure 1. The moleculethen
emitsto a discretevibrationallevel of thegroundelectronicstate(X1Σ

�
g ), producinga fluorescent

spectrumin theUV from 912– 1650Å (Sternberg 1989). Themoleculecanthencascadeback
to thegroundvibrationalstatevia thequadrupoletransitionsmentionedabove, producinga fluo-
rescentspectrumin thenear-infrared(NIR) (Martini, Sellgren,andDePoy 1999).Approximately
10 - 15%of the time, this fluorescentpumpingprocesswill leave themoleculein thevibrational
continuumof thegroundelectronicstate,resultingin its dissociation(Shull andBeckwith1982).
This fluorescentprocesscanbeimportantin determiningthe transportof energy for a numberof
reasons.It redistributestheflux from theexciting objectfrom anarrow window in theFUV (which
roughlycorrespondsto thepeakof theblackbodycurve for OB-typestars)to otherregionsof the
electromagneticspectrum.In theUV, dusttendsto bestronglyfowardscatteringwith adecreasing
albedo(Burgh, McCandliss,andFeldman2002)sofluorescentemissioncanappearto offset the
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extinctioneffectsof dust(Witt et al. 1993;FitzpatrickandMassa1990).
H2 canaffect its own populationthroughfluorescentpumping.Pumpingleadsto a fractional

moleculardissociation,however the formation of H2 on grains is directly proportionalto the
amountof atomichydrogen(H I) present(CazauxandTielens2002;Shull andBeckwith1982),
hencethedissociationthatleadsto thedestruction of molecularhydrogenalsoaidsin its creation.
Additionally, thebyproductsof thefluorescentprocess,H I andvibrationallyexcitedH2, play im-
portantrolesin determiningthechemistryof PDRs(HollenbachandTielens1997).Finally, grain
surfacecompositioncouldbealtereddueto accretionof themodifiedchemicalproducts(Whittet
1984).Thepropertiesof thedustitself (suchasits albedoandthedegreeof its forwardscattering)
canbeaffectedby changesin surfacecomposition.Changingthepropertiesof grainscaneffectthe
overallextinctiondueto dustin theseregions.Clearly, fluorescentpumpingof molecularhydrogen
canhavenumerousandintertwinedconsequences.

Therearecomplicationsin thecleardetectionof thefluorescentprocessasH2 canbeexcited
into low-lying vibrationallevelsof thegroundelectronicstateby collisionsin warmgaswhenthe
densityis aboveacritical value( � 104 cm� 3). Suchthermaleffectscanbedueto theproximity of
theexciting source(hencethestrengthof theradiationfield) andshocks,thusstrongnear-infrared
emissionof low-lying vibrational levels is not conclusive evidencefor the fluorescentprocess
describedabove. Molecularhydrogenwill bedissociatedin a gaswith enoughthermalenergy to
produceelectronictransitions(Shull andBeckwith 1982),so detectionof the FUV spectrumof
H2 is a clear indicationof fluorescentpumping. Othercluesaboutthe origin of the vibrational
excitationof H2 cancomefrom a closerlook at thenear-infraredspectrum.Shockedgasin these
regionsis typically of ordera few thousanddegrees,andonly thefirst few vibrationallevelsof the
groundelectronicstatecanbesubstantiallypopulated.Hence,fluorescentlypumpedgaswill have
anenhancedpopulationof higher-lying vibrationallevelscomparedto a thermallypopulatedgas
(Takamiet al. 2000). A ratio of transitionsbetweenhigh-lying levels to transitionsof low-lying
levelsprovidesa diagnosticthatcanbeusedregardlessof theabsoluteH2 population.It mustbe
notedthatboththermalandfluorescentlyexcitedpopulationsmaycoexist in agivenspatialregion,
so oneexpectsvariationson the valuesof theseline ratios from object to object (Takamiet al.
2000).

3 Targets and Observational Goals

As a subclassof PDRs,nearbyreflectionnebulaeoffer anopportunityto studymoleculargas.In
orderto unambiguouslydetectthefluorescentprocessesdescribedabove,onedesiresobservations
of theseregionsin boththeFUV andNIR spectralregimes.Over thepast15years,severalgroups
have recordedtheNIR spectraof thelocal reflectionnebulae,NGC 2023and7023(Martini, Sell-
gren,andDePoy 1999;Takamiet al. 2000). Thesespectrahave shown emissionfrom molecular
hydrogenin several excited vibrationallevelsof the groundelectronicstate. Additionally, NGC
2023wasrecentlythetargetof arocket-borneimagingspectrographworkingin theFUV bandpass,
andshowedevidenceof emissionabove themodeledscatteredlight profiles(Burgh, McCandliss,
andFeldman2002). However, the low resolutionof the rocket experimentdid not allow thedis-
creteemissionlines of H2 to be clearly resolved. The nebula IC 63 was recentlyobserved at
high resolutionby theFar Ultraviolet SpectroscopicExplorer(FUSE)andconfirmeda strongH2

emissionspectrum(Sternberg 1989;Hurwitz 1998;Anderssonet al. 2002). The nebula IC 405
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wasalsorecentlyobservedby arocket-borneimagingspectrographandshowshintsof unresolved
molecularhydrogenemissionabove thescatteredlight aswell asa steeplyrising ratio of nebular
surfacebrightnessto stellarflux acrossthebandpassof the instrument(900– 1400Å), shown in
Figure2. Theratioof thenebularsurfacebrightnessto stellarflux canbringoutcontrastsbetween
scatteringandotherprocessesoccuringin thenebula; andis independentof an absolutecalibra-
tion. Thisbehavior hasnotbeenobservedin otherreflectionnebulaeandonepossibleexplanation
is apopulationof fluorescingmolecularhydrogen(Franceet al. 2002).

I proposeto obtaincomplimentaryobservationsof objectssuchasthesein orderto obtaina
morecompletepictureof thephysicalprocessesgoverningPDRs.For thesepurposes,complimen-
taryobservationsincludetheonesdescribedaboveandfutureobservationsof theirFUV spectraat
highresolution,NIR spectra,andfutureimagingspectroscopicopportunitiesfrom soundingrocket
experiments.FUV spectra,obtainablewith FUSE,areessentialfor observingtheelectronictran-
sitionsof H2, while theNIR spectra,obtainableusingIR spectrographsonmedium-sized,ground-
basedtelescopes,areneededto look for vibrational transitions. Oncefound, ratiosof the NIR
emissionlinescanreveal informationasmentionedabove. Futurerocket-borneimagingspectro-
graphobservationswill allow for additionaltargets,exploreuniqueabilities to studythestarand
the nebula simultaneously, andprovide a testbedfor the developmentof the next generationof
space-borneultraviolet instrumentation.

3.1 NGC 2023

NGC 2023 is a reflectionnebula in Orion, oneof the brightestin the sky (Burgh, McCandliss,
andFeldman2002;Martini, Sellgren,andDePoy 1999). It is illuminatedby HD 37903,a B1.5V
starwhich is embeddedwithin the nebula (HD 37903,V = 7.84,d � 450 pc). NGC 2023was
oneof the first objectsin which H2 wasdetectedin the infrared,andseveral groupshave high-
quality datasetsof theseemissions,usingbothspectroscopy andnarrow bandimaging(Martini,
Sellgren,andDePoy 1999;Takamietal. 2000).As discussedabove,NGC2023wasalsoobserved
by a rocket-bornelong-slit, imagingspectrographat low resolution(R � 300) in the FUV and
thesedatashowedevidencefor emissionabove thescatteredlight modelsusedto characterizethe
nebula (Burgh, McCandliss,andFeldman2002).Thecombinationof theFUV andNIR datasets
was the basisfor an acceptedFUSE proposalto obtainhigh resolutionspectrafor a variety of
pointingswithin the nebula (McCandliss2002). Theseobservationsarescheduledto be carried
outduringthecurrentFUSEobservingcycle.

3.2 NGC 7023

NGC 7023is locatedin Cepheus,at a distanceof approximately440pc. The centralstaris HD
200775,a pre-main-sequenceB3e (V = 7.42). As with NGC 2023,high quality infrareddatasets
exist, including imagesand spectra(Martini, Sellgren,and DePoy 1999; Takami et al. 2000).
Witt et al., usinga combinationof spectrafrom theHopkinsUltraviolet Telescope(HUT), aboard
Astro-1,anddatafrom Voyager2 explain theroughlyconstantratio of nebular surfacebrightness
to stellarflux in theregionfrom 1000– 1300Å astheresultof fluorescentH2 emissionoffsettinga
decreasingdustalbedo(Witt et al. 1993).Furtherobservationsof NGC 7023with HUT (Astro-2)
revealthestrongdoublepeakedemissionfeaturenear1600Å characteristicof fluorescentmolec-
ular hydrogen(unpublished),seeFigure3.
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3.3 IC 63

IC 63is adensecloudilluminatedfromtheside(in projection)by γ Cas,aB0IV star1.3pcfromthe
cloud(HD 5394,V = 2.39,d � 190pc). FUV emissionfrom fluorescentmolecularhydrogenwas
first predictedby Sternberg anddiscoveredby Witt etal. in 1989with theInternationalUltraviolet
Explorer(IUE), andmorerecentlyobservedathigherspectralresolutionby theORFEUStelescope
andFUSE(Sternberg 1989;Witt etal. 1989;Hurwitz 1998;Anderssonetal. 2002).IC 63became
thefirst objectobservedto exhibit H2 fluorescencein boththeFUV andtheNIR whenLuhmanet
al. discoveredseveralNIR emissionlinesin 1997(Luhmanet al. 1997).

3.4 IC 405

IC 405 is a reflectionnebula in Auriga. The exciting star is AE Aur (O9.5V), a high proper
motionrunawayfrom theOrionNebula,thusnotbornin thecloudthroughwhichit is now passing
(HD 34078,V = 6.0,d � 450pc) (Bagnuoloet al. 2001;Franceet al. 2002).IC 405wasrecently
observed by a rocket-bornelong-slit, imagingspectrographat FUV wavelengths.Spectrataken
nearthe star show several featuresthat appearto be coincidentwith known FUV H2 features,
however theresolutionof thesoundingrocket experiment(again,R � 300)is insufficient to make
a concretedetection.Observationsof HD 34078with FUSEshow H2 in absorptionandallowed
columndensitiesto bederivedfor thefirst 19ro-vibrationallevels,sothecoincidencesin therocket
dataarepromising(Le Petiteet al. 2001). Additionally, a HUT observationof IC 405shows the
characteristicdoublepeaked featurenear1600 Å mentionedabove (unpublished). A long-slit
spectrographobtainsdataof thestarandthesurroundingnebulosity simultaneously, andanalysis
hasshown thattheintegratednebularsurfacebrightnessto stellarflux ratio risesby approximately
two ordersof magnitudeto theblueoverthebandpassof therocketexperiment.Thisdramaticrise
to shorterwavelenghtsis notobservedin eitherNGC2023or 7023,andapopulationof fluorescent
H2 maybecontributing to this discreperancy.

4 Proposed Observations

As mentionedabove,highspectralresolutionis necessaryfor unambiguouslydetectingfluorescent
emissionfrom molecularhydrogenin theseobjects. FUSE,with a resolvingpower of � 3,000
for filled aperturespectrais an ideal instrumentwith which to observe theseemissions.FUSE’s
wavelengthcoverage(905– 1187Å) doesnotencompasstheentirerangeof UV emissionfrom H2,
but roughly70%of theemissionfalls in its bandpass(Sternberg 1989).This,combinedwith high
sensitivity make high quality FUV spectraobtainablewith FUSE.I planon proposingfor FUSE
observationsof several nebular pointingswithin NGC 7023and IC 405 in Cycle 4 (fall 2002).
Thewealthof supportingdatamake theseobservationsfeasibleandattractive. Also, sinceFUSE
spectraof the exciting starsof the nebulaediscussedabove exist (except γ Cas,which exceeds
FUSE’sbrightnesslimit), thenebularsurfacebrightnessto stellarflux ratiosdiscussedabovein the
casesof NGC 2023,NGC 7023,andIC 405canbedeterminedwith morecertainty, usinghigher
signal-to-noiseFUV datasets. Regardingγ Cas,it is scheduledto be a target of a spectrograph
currentlyunderdevelopmentby theJohnsHopkinsUniversitySoundingRocketGroup,whichwill
utilize advancementsin detectortechnologyin orderto obtainthe long-slit FUV spectraof γ Cas
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andIC 63 in thesameobservation(McCandlissetal. 2002).Figure4 showsasyntheticmolecular
hydrogenemissionspectrum,asit maybeobservedwith theJHU spectrograph.

TheseFUV spectrawill beusedin conjunctionwith theinfraredobservationsdescribedabove.
IC 405hasnot beenobseved in theNIR, to thebestof my knowledge,andin orderto complete
theobservationsthatwill allow for anequivalentanalysisof theseobjects,I proposeto obtainNIR
spectraof IC 405. I planto proposefor timeon thenear-infraredGRIsmspectrometerandIMager
(GRIM II) at ApachePoint Observatory (APO) during either the fall 2002or winter 2003call
for proposals(IC 405 is unavailble during thespringandsummer).I will be trainedon theAPO
3.5-metertelescopeby Dr. StephanMcCandliss,who is a certifiedAPO observer (McCandliss
2002).

5 Summary

Molecularhydrogenis themostabundantmoleculein theuniverse,andplaysmany importantroles
in astrophysicalenvironments.Photodissociationregionsarecharacterizedby a strongultraviolet
radiationfield that is incidentupona populationof gas(neutalatomicandmolecular)anddust.A
subclassof photodissociationregions,reflectionnebulae,areanidealplaceto studymolecularhy-
drogenasadiagnosticof thephysicalconditionspresent.Fluorescentemissionis producedwhena
moleculeabsorbsanultraviolet photonandproducesa characteristicspectrumasit cascadesback
to the groundstateenergy. By observingboth the ultraviolet and infrared spectraof reflection
nebulae,we mayunambiguouslydeterminetheexcitationmechanismspresent,eitherfluorescent
or thermalin nature.I proposeto studyahandfulof reflectionnebulaeusingbothexisting andfu-
tureobservationsto determinetheprocessesatwork, therebybetterconstrainingmodelsof energy
transportanddistribution in photodissociationregions.
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Figure1: Energy level diagramof molecularhydrogenshowing severalvibrationallevelsin both
theground(X1Σ

�
g ) andfirst excited (B1Σ

�
u ) electronicstates.After beingexcited into thehigher

electronicstate,a populationof moleculeswill producea fluorescentemissionspectrumasthey
returnto thegroundelectronicandvibrationalenergy levels(theB – X transitiongivesriseto the
Lymanbandsystem).Figurecourtesyof Aki Roberge.
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Figure2: The ratio of nebular surfacebrightnessto stellarflux risesby two ordersof magnitude
overthebandpassof theJHUrocketexperiment,900–1400Å. Thenebularoffsetpointingexhibits
asimilar trenddespitethedecreasedsignal-to-noise.
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Figure 3: An unpublishedHUT spectrumof NGC 7023, showing the double-peaked emission
featurenear1600Å. A modifiedWolvenmodelof fluorescentH2 emissionis overplottedin blue.
Thescatteredlight continuumwasassumedto have thesameshapeasHD 200775afterapplying
ascalefactorandmultiplying by λ0 � 25, following Witt et al. 1989.
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Figure4: A modifiedWolvenmodelof afluorescentH2 emissionspectrum.It hasbeenconvolved
with theexpectedinstrumentalprofileof aspectrographunderdevelopmentby theJohnsHopkins
UniversitySoundingRocket Group,seeSection4. Thisprofiledoesnot take into accountin-flight
jitter.
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