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ABSTRACT
We reporton the discovery that moderatelyfastshocksin densemolecularcloudswith low
transversemagneticÞeldsarelikely tobeunstable.Theinstabilityis triggeredby thepromoted
coolingthatresultsfromtheformationof carbonmonoxideandwatermoleculesin anextended
warmshocksection.Numericalmethodsareemployedto demonstratethat,in theabsenceof
magneticÞelds,theinstabilityregimeis restrictedto densitiesaboven0 � 104 cm� 3, velocities
between30Ð70km s� 1, andO or C abundancesabove � 10� 4, so thatcoolingfrom reforming
moleculesdominatesin thewarmgaswithoutbeingsuppressedbyultravioletdissociation.The
result is eithera quasi-periodicor chaoticcollapseandre-establishmentof the warm shock
layer on a typical time-scaleof 106 cm� 3� n0 yr with variationson shortertime-scalesand
changesin periodbeingpossible.Infraredemissionlinesfrom theunstableregion, including
theH2 lines,exhibit ordersof magnitudevariability. Atomic linessuchasH� displayconstant
ßuxesbut undergo rapidradialvelocity variations.

Key words: hydrodynamicsÐinstabilitiesÐmolecularprocessesÐshockwavesÐISM: lines
andbandsÐISM: molecules.

1 INTR ODUCTION

Fastshockwaves alterthedynamical,physicalandchemicalprop-
ertiesof denseinterstellarclouds(Hollenbach& McKee1979).The
shocksmaybedriveninternallyorexternallybyavarietyof sources,
includingsupernovablastwaves,protostellarjets,cloudÐcloudcol-
lisions,stellarwindsandplanetarynebula. We deÞnea fastshock
asonecapableof destroying moleculesin its path.In adensecloud,
many of the moleculesmay subsequentlyreform in the cooling
layerof compressedandacceleratedmaterial(Hollenbach& McKee
1989;Neufeld& Dalgarno1989a).Thecompressedcloudmaythen
goonto form stellarsystemsor mayfragmentanddisperse.Hence,
the behaviour of fastshocksis critical to the distributionsof both
starsandinterstellargas.

Hereweinvestigatethetime-dependentpropertiesof fastshocks
throughone-dimensional(1D) numericalsimulations.The struc-
ture andsignaturesof steadyfastshockswas studiedin depthby
Hollenbach& McKee(1989),Neufeld& Dalgarno(1989a,b)and
WolÞre& K¬onigl (1991).If a shockis unstable,however, we have
to reconsidernotonly theobservedemissionpropertiesof radiative
shocksbut also(i) the transferinto turbulent energy of the cloud,
(ii) the fragmentationor destructionof the cloud, (iii) the result-
ing shock-inducedmolecularabundancesand(iv) the accuracy of
numericalsimulationsthatdonot fully resolve individual shocks.

Hydrodynamicshocksthatdestroy moleculesat theshockfront
possessspeedsin excessvadjust of � 23 km s� 1 (Kwan 1977;
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Hollenbach& McKee1980;Smith1994).In densemoleculargas
shieldedfrom ultraviolet (UV) radiation,shockscanbecontinuous
(C-type)in whichalow ionfractionleadsto thedrift of themagnetic
Þeldthroughtheneutralgas.In thiscase,moleculeslargelysurvive
in shockswith speedsup to � 30 km s� 1 if the magneticÞeld is
parallel(Smith1993)but up to � 50km s� 1 if theÞeldis transverse
(Draine,Roberge& Dalgarno1983).Below thesespeeds,theshock
front andthecooling layeroverlap.Above thesespeeds,however,
the shockis classiÞedasfastsincemoleculesareabruptlydisso-
ciatedafter the shockfront, followed by a wide zoneof radiative
cooling.

Wedemonstrateherethatmoderatelyfastshocksin densemolec-
ularcloudsarethermallyanddynamicallyunstable.Thermalinsta-
bilities onsmallscalesareexpectedin thecoolinglayerthatfollows
theshockfrontprovidedthatthecoolingrateperunitmassincreases
asthetemperaturefalls(McCray, Kafatos& Stein1975).Thisisbe-
causeasmallregionwithin theßow with alowertemperaturethanits
surroundingswill coolfaster, resultingin agrowingdensitycontrast
(seeSmith1989).

To alsobedynamicallyunstable,thecooling ratemustincrease
sufÞcientlyrapidlyasthetemperaturefalls(Langer, Chanmugam&
Shaviv 1981;Chevalier& Imamura1982).Onacertaintime-scale,
a coolingshockedlayermaycollapsesimultaneouslyastheshock
front shrinksback,reducingthe shockstrength.The lower shock
velocity thenpromotesfastercooling,which leadsto anevenfaster
collapseof thecoolinglayer. Thus,aresonanceoccursandtheentire
layermaycollapseÔcatastrophicallyÕ.The loweredshockvelocity
alsoleadsto alowerpressure.Hence,aresistingmediumor conÞn-
ingwall candeceleratetheretreatof theshockfront.Thiscanleadto
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aperiodof increasingshockvelocityandacoolinglayerof increas-
ing temperatureastheshocklayerinßates.Thehighertemperature
gasdoesnot cool efÞciently, andsoexpandsoutwards,driving the
shockfront to even higherspeeds.The shockmay performgrow-
ing periodicoscillationsthatleadto high-amplitudequasi-periodic
oscillations(e.g. Imamura,Wolff & Durisen1984; Strickland&
Blondin1995).

This dynamicaloverstability is relevant to fast atomic shocks.
For velocitiesgreaterthanapproximately140kms� 1, strongatomic
coolingnear100000K ispredictedto initiatetheoverstability(e.g.
Innes,Giddings& Falle1987;Gaetz,Edgar& Chevalier1988).An
instabilitywasnotexpected,however, in molecularshockssinceall
the individual coolingfunctionsarepositive functionsof tempera-
ture,asshown in Fig. 1.

Wewerethereforesurprisedto Þndadynamicalinstability in our
numericalsimulations.To testanew versionof athree-dimensional
(3D)molecularhydrodynamiccode,weperformedone-dimensional
high-resolutiontests.This codeimproves thecodeof Suttneret al.
(1997)alsoincludingCO andH2O chemistryandcooling(seethe
Appendices).Thepreviouscodedid notshow any signsof dynami-
cal instability. In fact,it is theproductionof COandH2O molecules
in thecooling layer that leadsto theonsetof catastrophiccooling.
The formationof moleculescausesthe instability by altering the
cooling function that is now time-dependentasgasmoves down-
stream.Note that Silk (1983)recognizedthat the rapid formation
of watermoleculescould leadto thermalinstabilitiesin molecular
clouds.

Thefundamentalconditionfor thedynamicalinstabilityhasbeen
derivedthroughnumericalsolutionsfor speciÞccases,especiallyfor
amonatomicgaswith acoolingrateproportionalto thesquareof the
density,with atomicshocksbeingconsidered(Chevalier& Imamura
1982;Chanmugam,Langer& Shaviv 1985;Dgani& Soker 1994).
Numericalsimulationsdemonstratethattheinstabilityleadstohigh-
amplitudeoscillations(Strickland& Blondin 1995).In Section2,
wepresentthehydrodynamicequationsanddiscussthecriteriafor
which molecularshocksshouldbe unstable,the unstablemodes
andtheiroscillationperiods.Wealsopresentthecoolingasa func-
tion of temperaturefor steady-stateshockswith theequilibriumC
andO chemistryasemployedin the3D numericalcalculationsfor
whichtime-dependentoxygenandcarbonchemistryis notpractical

Figure 1. The total cooling (thick line) andcooling functionsfor a slab
with the indicatedÞxed densityandH2 fraction.The cooling components
are:1, gasÐgrain;2, H2 ro-vibrational;3, atomic;4, H2O rotational;5, H2O
vibrationalwith H2; 6, H2O vibrationalwith H; 7, H2 dissociation;8, H2

reformationheating(thin doubleline); 9, COrotational;10,COvibrational
with H2; 11,COvibrationalwith H; 12,[O I] Þnestructure;13,OHrotational.

to follow. We comparethis with the cooling functionsfor steady-
stateshockswith non-equilibriumchemistryandconcludethatthe
instability will probablybe present,but 1D simulationswith full
time-dependentchemistryandionizationareneededto verify this
conjectureanddeterminetheminimumabundancesnecessary. Note
alsothat themolecularhydrogenformationrateremainsquiteun-
certainandmayalsoinßuencetheinstability regime.

In Section3, we presentnumericalresultsthat demonstratethe
natureof theinstabilityandyield thetime-scales.Thestronginßu-
enceof theinstabilityonobservationalproperties,with theemphasis
on infraredemissionlines,is thendiscussed(Section4.1).

Several conditionsmustbe fulÞlled for the instability to oper-
ate.First,sufÞcientCO andH2O mustform asthegascoolsbelow
� 8000K. Hollenbach& McKee(1989)have shown that CO and
watercoolingdoindeeddominatefor steadyshocksin high-density
regions.We considerherethe carbonandoxygendepletionsthat
stabilizetheshock.Amelioratingfactorsalsoincludethermalcon-
ductionanddustdepletion.Furthermore,asufÞcientlystrongtrans-
versemagneticÞeldcushionstheshockandinhibits thedynamical
instability (T«oth& Draine1993).

Note that UV radiationwill inßuencethe locationin which the
moleculesreform (Hollenbach& McKee1989).For shockswith
speed� 0 � 80 km s� 1, theUV radiationwill inhibit theformation
of CO andH2O molecules.However, thecalculationof Neufeld&
Dalgarno(1989a)showsthatOH coolingthenreplacesCOcooling,
providingasimilarsteepincreasein coolingasthetemperaturefalls.
Nevertheless,werestrictourresultsto fastshocksbelow thisspeed.

Other shockinstabilitiesmay also be operating.Thesemainly
distort or fragmentthe denseslab of gasthat accumulateseither
betweentwo shocksor betweena singleshockanda mediumof
high-thermalpressure.The instabilitiesincludethe Vishniacthin-
shelllinearinstability (Vishniac1983;MacLow & Norman1993),
thenon-linearthin-shell instability (Vishniac1994)andthe trans-
verseaccelerationinstability (Dgani,van Buren& Noriega-Crespo
1996).They all requiretwo-dimensionalstudies,whereasthe os-
cillatory instability is presentevenin one-dimensionalsimulations.
Moreover, this instability occursin thecoolinglayerratherthanin
theaccumulatedcoldslab,thuspossessingdistinctsignatures.

2 THE FLO W EQUATIONS AND
AN AL YTICAL PREDICTION

2.1 The equations

We modelthemostbasicradiative shocks:hydrodynamicßows in
onedimension.Numerically, wewill solvethetime-dependentßow
equations:
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wheren is the hydrogennuclei density, e is the internal energy
densityand f is the molecularhydrogenabundancei.e. n(H2) �
f n. Wetakeaheliumabundancen(He)� 0.1n. Therefore,thetotal
particledensityis ntot � (1.1 � f )n andthe temperatureis T �
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p� (kntot). Theinternalenergy lossthroughradiationandchemistry
perunit volumeis � , andthedissociationandreformationratesof
molecularhydrogenaregiven by D andR, respectively.

The internalenergy is relatedto thepressureby e � p� (	 � 1)
wheretheeffectivespeciÞc heatratio is takenas
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2.2 Power-law coolingpredictions

Shockstability studieshave beenmainly restrictedto ßows with
	 � 5

3 andpower-law coolingof theform

� � � 0n� T � (7)

(Chevalier & Imamura 1982; Wolff, Gardner & Wood 1989;
Strickland& Blondin1995)andsuperpositionsof power-law cool-
ing (seeSaxtonetal.1998for furtherreferences).Thermalinstabil-
ities in theinterstellarmediumwereÞrstanalysedin detailby Field
(1965). Smith (1989) investigatedthe small-wavelengthisobaric
condensationmodeswithin shockwaves.Theinstability condition
(equation24of Smith1989)reducesto � 
 2(� � 	 � 1)� (3 � 	 )
at theshockfront andapproachesthecondition� 
 � downstream.
Notethat for � � 2, theinstability conditionremainscloseto � 

2, whereasfor � � 1 theconditionis morestringent.

The oscillatoryinstability conditionis even morestringent,de-
pendinguponthe cooling processesandthe boundaryconditions.
For thecase� � 2, theoscillationsareunstablein thefundamental
modefor � � 0
4 andin highermodesfor � � � c wherethevalues
of � c exceed0.8(Chevalier& Imamura1982).Note,however, there
is apparentlyarangeof values0.29
 � 
 0.5for whichnon-linear
effectsarecritical (Strickland& Blondin 1995).In this range,sec-
ondaryshocksform nearthewall andrestrict,but do not halt, the
collapse.The fundamentalmodeis thoughtto be themostsigniÞ-
cantsincethelong-wavelengthperturbationswouldbeleastdamped
by motionstransverseto theßow direction.Numericalsimulations
demonstrate,however, thathigher-ordermodesstill generateoscil-
lationsfor � � 0
7 (Strickland& Blondin1995).

For applicationsto shockpropagationthroughmoleculargas,we
shouldconsider	 � 7

5 (fully molecular)and	 � 10
7 (fully molec-

ular with 10 per centhelium).Furthermore,� is unity for several
coolingprocessesin high-densitygas,e.g.COrotationalandH2 ra-
diative cooling.For fastdissociative shocks,however, we Þnd that
the hydrogenis still almostcompletelyatomicduring the cooling
down to below 500K, andthattheinstability is causedby CO and
H2O vibrationalcooling (with themoleculesexcitedby collisions
with H) for which � � 2. In theserespects,existing analysesmay
provide relevantcriteriafor thepresentconditions.

2.3 The steady-statemodel

Thecoolingfunctionfor auniformslabof gaswith constantdensity
andchemistryis displayedin Fig. 1. Thecomponentcoolingfunc-
tionsarelistedin AppendixA andchemicalreactionsin Appendix
B. They wereselectedfor theproblemsassociatedwith shocksin
densemolecularclouds.Fig. 1 assumestheequilibriumchemistry
describedin AppendixB. We concludethat the cooling functions

Figure 2. Thecoolingfunctionscorrespondingtodissociativeshockwaves
thatproveto beunstable,assumingequilibriumchemistryfor C andO,with
standardconditionsasshown andabundances� ( O) � 5 � 10� 4 and� (C)
� 2 � 10� 4 (upperpanel)and� (O) � 2.1 � 10� 4 and� (C) � 2 � 10� 4

(lower panel)andAlfv «enspeed0.01km s� 1. Thelower panelcorresponds
to theunstabledepletedO case.Theindividualcooling/heatingcomponents
arelabelledasin Fig. 1.

arepositive functionsof temperaturewith the power-law index �
beingabove theoscillatoryinstability critical valueof 0.4 in each
section.This holdsnot only for theindicatedparametersbut under
muchwiderconditions.

Theunstableshocksthatmotivatedthis analysisinvolve a com-
plex multicomponenttime-dependentcoolingfunction(Fig.2). Im-
mediatelyfollowing theshockfront, is azoneof verysteepcooling,
dominatedbyH2 radiativeanddissociativecoolingandatomiccool-
ing.Therefore,weexpectthishotzonewith T � 8000K tobestable.
We Þnd that this thin sectionis maintainedthroughout,moving en
bloc to accommodatethe oscillatingcool layer, with signalstrav-
elling quickly throughit. Thesignalpropagatesslowly throughthe
following cool layer, which we refer to astheÔinfraredlayerÕ, and
thisdeterminesthedynamicalinstability properties.

Thesteady-statemodelsolvesthehydrodynamicequationsin the
post-shockßow (with the partial time derivatives beingdropped).
The shock itself is replacedby a discontinuity satisfying the
RankineÐHugoniotconditions,with attentionbeingpaidto thespe-
ciÞc heatratio. The pre-shockgasparametersare representedby
p0, � 0, T0, � 0, 	 0, f 0 and M2 � (� 0� 2

0�	 p0). Sincemolecular
dissociationrequiresaÞnite time,theimmediatepost-shockvalues
are f 1 � f 0, 	 1 � 	 0,
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Theßow in theradiative layer, on eliminatinge, isdescribedby
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to leaveasingleÞrst-orderequationthatcanbesolvednumerically
withoutdifÞculty.

Beforerunningthesteadyshockmodelandsimulations,weadded
equilibriumoxygenandcarbonchemistryin additionto thehydro-
gen chemistry. The basic reactionsthat form and reactwith the
OH moleculewerechosen(AppendixB). Previously, wehadtaken
theCO abundancesto follow themolecularhydrogenfractionand
not includedH2O, as the simplestapproximationthat allowed us
to modelmolecularjets in threedimensions(Suttneret al. 1997).
Here,however, we assumethat theconversionof oxygeninto OH
andtheninto CO andH2O canbedescribedby equilibriumabun-
dancesthroughreactionswith H,H2 andC.Thisisespeciallycritical
to large-scale3D simulationssinceit is advantageousto avoid the
introductionof new variables.We thusÞnd that CO andH2O can
form aheadof themainH2 reformationzonesincea small fraction
of H2O issufÞcientto instigatethecompleteconversionof thefree
oxygen.

NotethatOH andoxygenÞnestructurecoolingarealsoincluded
in the steady-stateandslabmodels,but excludedfrom the simu-
lations.We Þnd that thesecooling contributionscanbe neglected
in the presentshocksimulationsfor densitiesexceeding3 � 104

cm� 3, asdemonstratedfor ahydrogennucleondensityof 106 cm� 3

in Fig. 2.
Time-dependentchemistryhasbeenincludedin thesteady-state

calculationsto testtheequilibriumassumption.Equilibriumchem-
istryisfoundtoprovideareasonableestimateof thecoolingfunction
athighdensities.Asdemonstratedbycomparingthepanelsof Figs2
and3,thecoolinggeneratedbyH2Oformationisweakerin thenon-
equilibriumcase.Thiswould inßuencetheoscillatorystructurebut
wedonotbelievethatthisis sufÞcientto removetheinstability. The
instability is still presentwheneitherC or O is depletedby over an
orderof magnitude,yielding a moregradualincreasein the cool-
ing rate(e.g.seethelower panelof Fig. 2 wheretheH2O bumpis

Figure 3. Thecoolingfunctionswithin dissociativeshockwaveswith non-
equilibriumchemistryandwith standardconditionsasdescribedin Fig. 2.
Theindividual cooling/heatingcomponentsarelabelledasin Fig. 1.

greatlyreduced).Wealsonotethatto predictthedetailedstructure,
dynamicalprocessesare just ascritical aschemicaleffects.Two-
dimensionalsimulationswith full time-dependentchemistrywill be
needed.

For a densityof 104 cm� 3, however, non-equilibriumchemistry
is certainly requiredto reproducethe importantcontributions of
oxygenÞnestructureandwatercoolingbelow 8000K. As shown
in Fig. 4, for non-equilibriumchemistry, the rapid increasein CO
vibrational cooling as the gascools below 8000 K is no longer
mirroredin thetotal cooling.

Dynamicalinstabilitiesmayoccurwhenthemolecularhydrogen
fraction is inverselyrelatedto the temperature,suchasis possible
in thecoolinglayerof a fastshock,asnow discussed.Thecooling
is presentedperunit volume,� , in Figs2 and3 sincethecooling
functionsarenotsimplepower-law functionsof thedensity. Hence,
to predictwhichof thesestateswouldbeunstable,weneedto inter-
pretthecritical temperatureindicesdiscussedin Section2 in terms
of theindex � given by � f(T) � � 0T � � � 0T � � � , which follows
aßuid parcelthroughthecoolinglayeratalmostconstantpressure.
The interpretationcontainsuncertainty, however, sincethe chem-
istry (and,hence,thecooling)is timedependent.Nevertheless,it is
clearthata very high negative valuefor � is presentin thetemper-
atureregimebetween3000and8000K for standardnon-depleted
O andC abundances.Moreover, the width of the shockis mainly
determinedby thetemperatureat which therapidcooling is about
to turn on, i.e. near8000 K (as conÞrmed in Fig. 5). This loca-
tion is adjacentto the cooling zonethat possessesa high inverse
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Figure 4. A comparisonof equilibrium andnon-equilibriumchemistry
coolingfunctionswithin dissociativeshockwavesat thelow densityof 104

cm� 3 andwith standardconditionsasdescribedin Fig. 2. The individual
cooling/heatingcomponentsarelabelledasin Fig. 1.

dependencewith temperature.This leadsus to concludethat the
shockis, at least,linearlyunstable.

An examplewith O andC both stronglydepletedconÞrms the
causeof theinstability. Low oxygenandcarbonabundancespermit
little H2O, CO and OH to form. As shown in Fig. 6, the shock
shouldbestablesince� � � 1.39exceptfor a narrow temperature
range,asconÞrmedby thesimulations(lowerpanelof Fig. 12; see
Section3.6).

3 HYDR OCODE SIMULA TIONS

3.1 The numerical model: ZEUS-3D

Weemploy theZEUS-3D codein aone-dimensionalmode(Stone&
Norman1992)toprovidethebasichydrodynamics.Thisisasecond-
orderEulerianÞnite-differencecode.Herewe studycompressible
hydrodynamicswithoutgravity, self-gravity or thermalconduction.
No physicalviscosityis modelled,but numericalviscosityremains
present,anda von NeumannartiÞcial viscositydeterminesthedis-
sipationin theshockfront.

A module for molecularchemistryand molecularand atomic
cooling hasbeenadded.The functionsandratesare listed in the
Appendices.Our ultimategoal is to develop a reliablecodewith
which we cantacklethree-dimensionalmoleculardynamics,later
addinggravity, magneticÞelds,ambipolardiffusionandradiation.

Figure 5. ProÞlesof temperature,density,pressureandmolecularfractions
(H2, CO, andH2O) demonstratingthecollapseof theshocked region. We
displayproÞles from the simulation6F40covering two stagesof a cycle.
This shows that the collapsein the shockcovers temperaturesof � 500Ð
5000K andis initiatedby lower pressures(seenhereasthedip in density
prior to thecollapse)in this region.

We thusrestrictthecoolingandchemistrylists to just thoseitems
essentialto thedynamics.Wehaveemployedthesimultaneousim-
plicit methoddiscussedby Suttneret al. (1997)in which thetime-
stepis adjustedin orderto limit thechangein internalenergy in any
zoneto 30percent.

Wepresentprimarily two-shocksimulations.In addition,wehave
examinedsingleshocks,with areßectionboundaryconditionsimu-
latingawall. Symmetricinßow boundaryconditionswerechosenat
bothendsof thegrid in thetwo-shocksimulations.Hence,a dense
slabof coldmaterialaccumulatesat thecentreof thegrid. We then
Þnd that thebehaviour of eachshockis independentandtheaccu-
mulatedslabmaterialbehaves exactly asa wall. Initially, however,
thereis noeffectivewall or shock.As adirectresult,thetwin shock
ßow patternmightnotdisplaytheoscillatoryinstabilitysincewaves
arenotbroughtinto resonancethroughreßection.Thermalinstabil-
ities arepresent,however, andrapidly generatesomestructureand
asymmetry.
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Figure 6. Thecoolingfunctionswithin a stabledissociative shockwave,
with low abundances� (O) � 2 � 10� 5 and� (C) � 1 � 10� 5 andothercon-
ditionsasin Fig. 2. Theindividualcooling/heatingcomponentsarelabelled
asin Fig. 1.

3.2 Resolutionand convergence

Oncethe centraldenseslab hasbuilt up, the two shocksusually
begin to behaveindependentlyandthedynamicalinstabilitysetsin.
Table1 includesthedatafor our detailedresolutionstudyandour
explorationof parameterspacefor thestandardtwo-shockcase,and
a shockÐwall example.We deÞnetheshockresolutionastheratio
of themeanshocktotal coolinglengthto thezonelength.

Fig. 7 displaysthelocationsof theshockfront (asdeÞnedby the
positionsof themaximumtemperature)for onesideof theshockasa
functionof time.Thisdemonstratesthepresenceof aninstabilityat
all resolutions.It is,however,onlyatresolutionsatorabove4� 1010

cmthatthevariationtime-scaleandamplitudeapproachaconsistent
behaviour. We remark that the oscillationscan changeperiod at
irregularintervals.Weproposethatthesechanges,notencountered

Table 1. Shockinlet parameters.

Sim.a N � x logn � s 1-� 2-shock Cat.unstable Periodb

6B60 500 8(10) 6 60 2 Yes
6D60 1000 2(10) 6 60 2 Yes M: 2.1,2.7,W: 0.3,3.6,6.9
6B40 500 3.2(11) 6 40 2 Yes
6C40 500 1.6(11) 6 40 2 Yes
6D40 1000 8(10) 6 40 2 Yes
6D40-C 1000 8(10) 6 40 2 Yes t 
 500yr: S:21.7,M: 4.5,8.7,49.8

500
 t 
 1000yr: M: 35.6,W: 5.0,9.4Ð16.6,11.3
1000
 t 
 1500yr: M: 21.7,49.8,W: 11.3
550
 t 
 750yr: S:10.4

6D40-O 1000 8(10) 6 40 2 Yes S: 1.4,0.7,M: 0.47,W: 0.27,0.34,2.43
6E40-CO 1000 8(10) 6 40 2 No S:16
6E40 2000 4(10) 6 40 2 Yes
6F40 5000 2(10) 6 40 2 Yes W: 1.3,3.0,3.6
6F40-1 5000 2(10) 6 40 1 Yes M: 0.42,1.1,1.2,1.3,1.8,2.6,3.2

W: 0.3,0.6,0.7,2.6
6A20 500 8(10) 6 20 2 No
6D20 1000 1(10) 6 20 2 No W: 1.0,1.1,1.2,1.4,1.6
5E40 1000 3.2(11) 5 40 2 Yes
5F40 2000 1.6(11) 5 40 2 Yes M: 5.8,6.6,34.5,W: 9.0,9.8,13.6
4E40 1000 2.56(12) 4 40 2 Yes
4F40 5000 1.28(12) 4 40 2 Yes S: 370

aThedesignationfor eachsimulationlists, in order, thelog of thenumberdensity, a representationof theresolution,andthepre-shock
velocity in km s� 1. The lettersfor the resolutionareassociatedwith the numberof zonesin the meanshocktotal cooling length,as
follows:A, 8Ð16;B, 16Ð32;C, 32Ð64;D, 64Ð128;E, 128Ð256;andF, 256Ð512.
bTheperiodin yearsdeterminedusinganFFT, with W, M, S indicatingaweak,moderateandstrongpeak,respectively.

in atomicshocks,arecausedby the natureof the cooling, which
possessesatimedependencethroughthemolecularabundances.We
typically requirea shockresolutionof � 180to obtainthephysical
instability.

It is signiÞcant that the instability generatessomechaoticbe-
haviour, with thedifferentcoolingcomponentsableto producedif-
ferent resonances.We thus Þnd, similarly to studiesof turbulent
ßow, thatthebehaviour convergesbut not theexactstructure,asthe
resolutionis increased.

Othernotablepointsareasfollows.

(i) Whenalow resolutionis employed,theshockis still unstable
but unphysicallong-termhigh-amplitudevariationsarefound.

(ii) Weincreasedtheperiodatwhichtheshockwidth is recorded
after100yr. Along with this change,moreshort-periodvariations
becomeapparent.Hence,thespiky structurethatappearsduringthe
Þrst100yr of theshockevolutioncurvesarecausedbyalow display
resolutionratherthannumericalresolution.

(iii) The behaviour doesnot converge to a single patternbut
passesthroughvariouscyclic patterns.This maybecausedby the
presenceof differentharmonicmodesandtheir interactionthrough
thecomplex coolingfunction.

3.3 The collapseand re-expansion

We display an excerpt in Fig. 8 from datarecordedwith a time
resolutionof 0.1yr. In thedisplayedera,shortvariationsona� 1 yr
time-scalearesuperimposedon large variationswith a time-scale
of � 4 yr.

Although most collapsesand expansionsexhibit a smoothbe-
haviour, somecollapsestake placeat high speed.This is displayed
explicitly in Fig. 9 where we plot the distribution of the shock
front velocity, as calculatedbetweeneachconsecutive datapair.
Theasymmetrydemonstratesthat(i) thecollapsesareoften,but not
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Figure 7. Thedependenceof theinstability on spatialresolution.We plot thepositionof maximumtemperature(for clarity, of oneshock)asa functionof
timefor simulations(from thetopdown) 6B40,6C40,6D40,6E40and6F40thatspanÞvedifferentspatialresolutions.Thezonesize,� x, isdisplayedin each
panel.Thefrequency of datadisplayedis identicalfor eachpanel,weshow onedatumperyearfor theÞrst100yr, andthereafteroneevery0.1yr.

Figure 8. Expandedview of short-termoscillationsin a high-resolution
case.We plot the positionof maximumtemperatureasa function of time
for bothshocks,whereoneis shown asa dottedline, in thehigh-resolution
simulation6F40. The positionsare plotted every 0.1 yr. This shows the
similar, if somewhatoffsetin time,behaviour of eachindependentshock.

exclusively, at high speed,in the range� 3 to � 8 km s� 1 and(ii)
the mostprobableshockfront velocity is larger than the average
shockfront speedby just � 1 km s� 1. Notethatthesespeedsarean
orderof magnitudesmallerthantheshockspeed,yet they arepart
of large-amplitudevariationsin shocklength.

Thedistancesof bothshockfrontsfrom thecentreof thegrid are
displayedin Fig. 8. Sincewe areinvestigatingan instability, there
is no reasonwhy theshockfront locationshouldcoincide.

Figure 9. The probability distribution of shockvelocitiesin the high-
resolutioncase.We plot therelative fractionof velocities,which aredeter-
minedfrom consecutive timesandpositions,of eachof thetwo shocksfor
the high-resolutionsimulation6F40,andfor the portion of the simulation
with 0.1-yrdataintervals.Thewidth of thevelocitybinsis 0.2km s� 1.

3.4 ShockproÞles

Fig. 5 displaysthe proÞles of temperature,density, pressureand
molecularfractionsat different phasesduring one collapse.The
upperpaneldemonstratesthat the collapseindeedcoincideswith
theshrinkingof thewarminfraredlayer. This layerdeterminesthe
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lengthof theshocksincethegascoolslessefÞcientlyattemperatures
below 8000K, until someCOmoleculeshaveformed.At theendof
thecollapse,theremaininginfraredlayerconsistsof only � 8000K
gas.On theotherhand,boththehot andcold gasoccupy very thin
regions.

Notethatapressuretroughappearswhentheshockis wide.This
low pressureresultsin theshockcollapse.In turn, this producesa
weaksecondaryshockthatreturnsupstream.

ThelogarithmicproÞle of thehydrogenmolecularfractionmain-
tainsasimpleshapesinceverylittle H2 reformsin theinfraredlayer.
Fastreformationdoesnotoccuruntil thegashascooleddownbelow
300K, which is closeto theinterfacebetweenthetwo shocks.The
shapeof theH2O fractionfollowsthatof H2 quiteclosely. TheCO,
in contrast,fully reformsin theinfraredlayer. Notethegeneration
of asecondaryshock(atx � � 3 � 1012 cmin theÞgure)duringthe
collapsethatis sufÞciently strongto destroy mostof thereforming
COmolecules.Althoughtheshockisweakin comparisonto thepri-
maryshock,it occurin theregimewheretheH2 andCOchemistry
is mostsensitive to thetemperature.

3.5 Densityand velocity

Fig. 10 shows that the instability is presentat all densitiesconsid-
eredhere.Thecodeassumesthatequilibriumchemistryremainsa
valid approximationandthatnoothercoolingmechanismhasbeen
neglected.At a densityof 104 cm� 3, however, the assumptionof
equilibriumcooling is invalid andtheslow formationof CO com-
binedwith theenhancedO Þnestructurecooling, leadsto a much
ßattercoolingfunction.

For ourstandardcaseof 40kms� 1,wenotethatthehighestampli-
tudeandgreatestvariationtime-scaleoccurfor thelowestdensity.
The time-scaledependenceis expectedsincethe lower densities
have longercooling times.This is apparentfrom thedifferencein
shockwidth shown in Fig. 10. Quasi-periodicoscillationsof the
shockfront arefound in somestagesof the simulations.We have

Figure 10. Thedependenceof thedynamicalinstabilityondensity. Thepositionof maximumtemperatureasa functionof time for threedifferentdensities
is plottedfor simulations6E40,5F40,and4F40(from thetopdown). As with Fig. 7 thatdisplaystwo-shocksimulations,weshow thepositionof only oneof
thetwo shocks.Here,thedatatime interval is 2 yr in 6E40,every 2.5yr in theÞrst 250yr andevery 0.25yr for all t � 250yr in simulation5F40,andevery
10yr in 4F40.Sincethesizeof theshockis inverselyproportionalto thedensity, theverticalscaleof eachpanelis different.Thetime-scaleof theoscillations
increasesasthedensityis decreased.

employeda fastFourier transform(FFT) on thehighest-resolution
runs and presentin Table 1 someperiodsthat appear. Sincethe
oscillatorypatternchangesover time, many periodsthat show up
in the FFT analysisare very weak (
 3� , denotedby W in the
Table).Still, thesevaluesdo show an inverserelationshipbetween
theperiodandthepre-shockdensity. SpeciÞcally, weseeperiodsof
approximately3.5n� 1

6 yr, wheren6 is n� 106 cm� 3, for therangeof
densitiesandsimulationsshown in Fig. 10.

A studyof thedependenceof theshockwidth ontheshockspeed
is presentedin Fig. 11 for thecasewith densityof 106 cm� 3. The
instability is presentatall speedsabove� 25km s� 1, wherethehy-
drogenmoleculesareÞrstdestroyedimmediatelybehindtheshock
front,andrapidreformationleadsto dynamicalinstability. Wehave
not investigatedshocksfasterthan60km s� 1 since,atsuchspeeds,
UV radiationfrom thehotgasdelaystheformationof moleculesin
theinfraredlayer. Nevertheless,theinstability couldstill occurbut
deeperin theinfraredlayer. A codethat includesradiative transfer
effectswill benecessaryto conÞrm this.

Notethatwehavealteredthetime-stepfor thedisplayat100yr.
In thesetwo-shocksimulations,thisallowstheshockstoprogressto
thepointwhereeachis independentof oneanotherandalsoenables
usto displaythestructurethatwould berecordedthroughdiscrete
observationsmadeevery few years.

The manner in which the shock structure changesdepends
stronglyon the upstreamspeedimposed.The 60 km s� 1 example
occasionallydisplaysnarrow shockregions,roughly with a 30-yr
timeinterval.Cyclic patternsareuncoveredat40km s� 1. At 20 km
s� 1 theshockis stable.

3.6 Chemistry

The oscillatory instability was not found in previous simulations
of fastshocks(Suttneret al. 1997)because,owing to the lack of
computingpower, oxygenandcarbonchemistrywerenot included.
Yet theseprove to be vital to the natureof a fast shock.This is
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Figure 11. Thedependenceof theinstabilityonpre-shockvelocity. Weplot thepositionof maximumtemperatureasafunctionof timefor 3 differentinitial
(pre-shock)velocitiesin thesimulations6D60,6E40,and6D20(from thetopdown). As with thepreviouspositionÞguresof two-shocksimulations,weshow
thepositionof only oneof the two shocks.Herethedataareshown onceperyearfor t 
 100yr andonceper0.1 yr for t � 100 in 6D60andin 6E40,and
every0.5yr in simulation6D20.Notethedifferentverticalscales,andthatthe40km s� 1 simulationhasthelargestshockregion.

conÞrmed in Fig. 12, which displaysthe evolution of the shock
width for four different O and C abundancecombinations.Note
thattheshockis stableonly whenbothO andC aredepleted.Both
H2O andCO formationgeneratethe instability, as expectedfrom
theshapeof thecoolingfunctionin thesteadyshockanalysis.

It is evident that whenjust onemoleculeis responsiblefor the
instability (middlepanels),a regularoscillationis generated.This
suggeststhatthechangesin patternin othersimulationsaremainly
causedby the multipeaked cooling function.The small-amplitude
oscillationsuncoveredfor theoxygen-depletedshockarerelatedto
theinefÞciency of theCOtocontinuetocoolthegasbelow � 2000K.

Notethatwhentheinstabilityisinstigatedthroughwatermolecule
formationandcooling,ahigh-amplitudeoscillationis apparent.In-
terestingchangesin temporalbehaviour arefoundfor this carbon-
depletedshocksimulationasshown in detailin Fig. 13.A dramatic
changeoccursat t � 500yr. It seemsplausiblethatthetwo shocks
prior to t � 500yr interactthroughthecold, dense,thin wall, and
we suspectthechangein period,to effectively half of theprevious
one,signiÞesthat the wall hasbecomewide enoughto allow the
shocksto behave independently.

3.7 Singleshockimpacting a wall

WehavealsoveriÞedthatawall modelproducesthesameunstable
structuresasin theequivalenttwo-shockmodel,asshownin Fig.14.
Hence,our conclusionsare independentof the chosenshockset
up, given the limitations of one-dimensionalshockwaves.In two
dimensions,thewall thatformsbetweentwo shocksmaywell bend
andfragmentowing to inducedtransversemotions.

4 IMPLICA TIONS

4.1 Observational aspects

Wenow calculatetheeffectof theinstabilityonobservablequanti-
ties.First,wechosemolecularhydrogenemissionlinesto represent

thesignaturesfrom theinfraredlayer. Theupperenergy level asso-
ciatedwith theH2 1� 0S(1)transitioncorrespondstoanexcitation
temperatureof nearly7000K. Emissionarisingfrom acascadefol-
lowing moleculereformationis notaccountedfor here(weassume
that the energy releasedon reformationis efÞciently redistributed
into thethermalcomponentby collisions).

Fig.15displaysin grey-scaleshowingthelocationof theemission
asafunctionof time.Theintegratedemissionisshown in thepanels
on theright. We alsoshow the2 � 1 S(1)emission,which arises
frommoreexcitedgas.The2� 1S(1)spatialdistribution,however,
is verysimilar to 1 � 0 S(1)andsois not illustrated.

Thetoppanelsdemonstratethecharacteristicsof asteadyshock,
producedby taking low abundances.Note that the central wall
slowly builds up in time with a constantvelocity, producingthe
expectedtriangularshape.TheH2 emissionis spreadover a large
region,sincetheshockis dominatedspatiallyby theslowly cooling
gasbetween4000and8000K. The integratedemissionof theH2

linesis constant,with thediagnosticratio R � F[1 � 0 S(1)]� F[2
� 1 S(1)] � 16.This is consistentwith therangeof valuesfrom R
� 2.5for thestandardsteadycaseto R � 25 for thereducedabun-
dancesexample[� ( O) � 1.0(� 4) and� (C) � 2.3(� 4)] tabulated
by Hollenbach& McKee(1989).

Thebottomrow of Fig.15showsanexampleof largevariationsin
theintegratedßuxof theH2 line in asimulationwheretheinstability
isactive.Thevariationsin 1� 0S(1)areover anorderof magnitude.
This is causedby therapidappearancesanddisappearancesof the
whole2000Ð4000K section.This causestheratio R to vary in the
range� 1.5Ð30. The time-scalefor this variationis lessthan2 yr,
with somesigniÞcantvariationsin a time-scaleof months,in this
high-densityexample.

The CO ßux from a low-lying rotationallevel (dashedline) is
overwhelminglygeneratedin thecold downstreamgasat thewall,
andthusis simply relatedto theaccumulatedcoldmass(Fig. 15).

Variationsin theH� atomicline ßux (not displayed)arepresent
but relativelysmallsincethehotdissociatedpartof thecoolinglayer
is preservedthroughout.Theshockfront speeddoesvary, however,
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Figure 12. Thedependenceof the instability on abundancesof carbonandoxygen.Thepositionof maximumtemperatureasa functionof time for four
combinationsof nominalanddepletedC andO abundancesis plotted.In thetoppanel,simulation6E40is presented,whichhasthedefaultabundancesof � (C)
� 2.0(� 4) and� (O) � 5.0(� 4). In thesecondpanel(top to bottom),simulation6D40-Ois displayed,which hasabundancesof � (C) � 2.0(� 4) and� (O) �
2.1(� 4) andthusalmostall of theoxygenwill endup in CO andnot H2O. In thethird panelis simulation6D40-Cwith abundancesof � (C) � 1.0(� 5) and
� (O) � 5.0(� 4). In theÞnalpanelis simulation6E40-COwith abundancesof � (C) � 1.0(� 5) and� (O) � 2.0(� 5).Notethatthesimulationsin thelowerthree
panelswererunwith similarzonesizes,but thatthedecreasingcoolingrateleadsto largercoolinglength-scalesandachangein theresolutionin theÞnalcase.
Thetop two panelsdisplaydataevery0.1yr, andin thebottomtwo panelsevery2 yr.

Figure 13. Changeof periodandamplitudeof the instability in thecarbon-depletedshocksimulation.We displaythepositionof oneshockin simulation
6D40-Cto late times,with 2-yr intervalsbetweendata.Note thedramaticchangein thecharacterof the instability at t � 500yr. Justprior to this thereis a
seriesof pairedoscillations,with oneshallow dip followedby a deeperone.During this time period(350
 t 
 500yr), theothershockis completelyout of
phasewith thatshown, with its own shallow anddeepcollapse.

andthis generatesmoderatechangesin ßux. A morerecognizable
signatureof the instability is the patternof variationof the mean
radialvelocityof theH� line whenviewedalongtheshocknormal.
Theradialvelocity goesthroughsporadicvariationsof over 10 km
s� 1, accompaniedby largedipsandrisesin ßux. As with the inte-
gratedH2 line emissionabove, largevariationsoccurin just a few
monthsat a densityof 106 cm� 3 but take 30Ð50 yr at a densityof
104 cm� 3.

4.2 Physical interpretation

Thecomplexity andtimedependenceof thetotalmolecularcooling
functiongeneratecomplex unstablepatterns.Cooling (atomicand
H2 dissociative) following the shockfront is extremelyrapid,and
can be treatedas part of the shock front itself. Theseprocesses
producea narrow spike in thetemperatureproÞle (seeFig. 5). We
have thuscarriedouta linearanalysisby modellingtheshockfront
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Figure 14. Variationof shockpositionfor a single-shocksimulation.Herewe displaythepositionof maximumtemperaturein simulation6F40-1,which
hasonly oneshockandareßectingboundaryat thewall. Weplot dataonceayearfor t 
 130yr, andevery0.1yr thereafter. Notetheinstability is still present
andthevariationof theshockpositionhasaperiodandanamplitudesimilar to thetwo-shocksimulation6F40.

Figure 15. Spatialandtemporalvariationsof molecularemissionlines. We display the resultsfor two simulations,with dataevery 2 yr for simulation
6E40-COandevery0.1yr for 6F40in thebottomrow. In eachrow, theÞrstpaneldisplaysthespatialvariationof theemissionfrom H2 1 � 0 S(1),andin the
secondthevariationof theCO0 � 0 R(1)emission.In thesetwo plots,darkershadingindicatesmoreemission,somostof theemissionin H2 is from thepart
of thecoolinglayerclosestto thecentralwall. Similarly, thebulk of theCO emission,contributionsto which includea maximumspeedcut-off at 15 km s� 1,
is from thecentralwall. In therightmostpanelof eachrow, weshow thetemporalvariationof theintegratedemissionfrom thetwo linesmentionedabove (H2

1 � 0, solid; andCO, longdashed)andfor theH2 2 � 1 S(1)line (shortdashed).

andthe rapidly cooling layer by jump conditionswith a rangeof
effective speciÞc heatratiosfor the shockfront of 10Ð40. Hence,
the modelledfront treatsthe shockheating,atomic cooling and
dissociativecoolingasonediscontinuity.Forthesubsequentcooling
layerweset	 � 5

3 . A linearinstabilityanalysissolvestheequations
aspresentedby Chevalier & Imamura(1982)but with the revised
shockfront boundaryconditions.

We Þnd that the rapid cooling of the hot gashasa stabilizing
inßuenceon the shock(Smith & Rosen2002),asexpectedfrom
a previous linearanalysisthat includeda secondsteepcomponent
(Saxtonet al. 1998). We indeedÞnd that negative valuesof the
power-law index � arerequiredto producelinearinstability (Smith
& Rosen2002).For example,with ashockcompressionfactorof S
� 20,correspondingto 	 � 21� 19,theÞrstovertonegrowsfor � �
� 0
4 andthefundamentalmodeonly for � � � 4. We thusexpect
to ÞndsigniÞcantregimesin whichhigherharmonicsdominate.

The many differentmanifestationsof the instability have been
exploredandclassiÞed by Walder& Folini (1996).They propose
Þve differentoscillationtypes.In particular, they Þnd that theÞrst
overtoneexists in a strongform that resultsin a high-amplitude
quasi-periodiccollapseandre-expansionof theshockwith theap-
pearanceof weaksubshocks(M-type).They alsouncover asmooth
sinusoidalmode(S-type).Somesimilarity of ourlong-termsimula-
tionswith their simulationssuggeststhat theÞrst overtonemaybe
responsiblefor muchof thebehaviour recordedhere.Our simula-
tions,however, generallydemonstratecomplex behaviour with sev-
eralsuperimposednon-stationarywaveformsusuallybeingpresent.

Thesimpleoscillationsencounteredin theoxygen-depletedshock
simulationhave beenexaminedfor theharmonicsignatures.Here,
a simple wave form is presentthat reveals the harmonicmode.
Whentheshockis at its maximumwidth,ahigh-amplitudevelocity
wave grows stronglynearthe wall. The wave representsinfalling
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materialandis accompaniedby astrongmassinßux onto thewall.
Thisstrongrarefactionwavepropagatesoutwards,until it meetsthe
collapsingshockfront, at which point the collapseis halted.The
shockfront re-expands,accompaniedby a muchsmootherveloc-
ity proÞle. This sequencerepeatsthroughoutthe simulation.This
behaviour is a characteristicof the Þrst overtone,causedby the
velocity (Chevalier & Imamura1982)andmassinßow (Walder&
Folini 1996)beingoutof phasewith theshockfront position.

The oscillatingmodeshave beendescribedasstandingwaves,
with zerovelocity at a reßectingwall (the densecold layer) and
shakenat theshockfront (Chevalier & Imamura1982).Thewave
patternis analogousto thatin a half-openorganpipe(Saxtonet al.
1998).This yieldsa seriesof resonanceswith theangularfrequen-
cies

� n � 2� (2n � 1)� t0� (16)

wheret0 is theperiodof thefundamentalmode.Calculatedperiods
are � 20.6Ð22.6 and � 6.7Ð7.1 and � 4.2, respectively, in units of
L�� 0, derived from a linearanalysis(Chevalier & Imamura1982)
for � in therange� 1 to � 1

2 andshockswith acompressionfactorof
S� 4. Wederive therelationshipt0 � 2� (S� 1)� 1
6 from a linear
analysis(Smith& Rosen2002);i.e. the(linear)instabilityperiodis
approximatelyincreasedby thecompressionfactor.

Now we wish to determinewhetherthenumericallyderived re-
sultsareconsistentwith thetheoreticalexpectations.A verydetailed
comparisonis notattemptedherebecausethetotalcoolingfunction
is complex. Thetotalcoolingatthebeginningof theunstableshock
sectionat � 6000K is estimatedasL ir � 10� 24n2

0 (�� 40 km s� 1)2

erg cm� 3 s� 1 (seeFig.2).Thedensityat this locationis nir � n0 mp

� 2
0� (kT) � 32.2n0 (� 0� 40 km s� 1). Hencethe cooling time-scale

at 6000K is 1.5nir kT� L ir � 120(104 cm� 3/n0) yr. This agreesin
orderof magnitudewith thevariationtime-scalesin thesimulations.

Theoscillationdynamicaltime-scaleis deÞnedastd � Lc �� ir ,
where� ir is thespeedof thegasat 6000K andLc � 7 � 1014(104

cm� 3� n0) cm is measuredfrom the simulations.This yields td �
200(104 cm� 3� n0) yr. Hence,therelevantcooling,dynamicaland
measuredvariationtime-scalesareall comparable.

The theoreticallinear oscillationperioddescribedabove is, for
theÞrstharmonic,1.3SLc�� 0 � 190(104 cm� 3� n0) yr on substitu-
tion for S and Lc. Hencethe linear analysisis consistentwith the
numericalresults.

5 SUMMAR Y AND CONCLUSIONS

Wehaveshown thatthecoolinglayersof hydrodynamicmolecular
shockswith speedsbetween� 30 and� 70 km s� 1 aresubjectto
cyclic, potentiallylarge-scalecollapseandreformation.This is ow-
ing to a form of catastrophiccoolingthatproducesanoverstability
causedby therapidformationof CO andH2O molecules.WhenC
andO arebothdepleted,theinstability is absent.

Quasi-periodicoscillationsdominatesomesectionsof theshock
simulations.Thetime-scaleof thevariationsmayalsochange.Pe-
riodic oscillationsarepresentwheneitherCOor H2O dominatethe
cooling,ascontrolledby theC andO abundances.

Large variationsarepredictedfrom thoselines producedin the
gaswith temperaturesin the range1000Ð8000K. We have shown
thisexplicitly for near-infraredH2 linesbut it alsoappliesto high-J
CO lines.Quite large radial velocity variationsareexpectedfrom
emissionlinesproducedin gasmoving with theshockfront,suchas
thoseassociatedwith recombinationandcommontracersof weak
hydrodynamicshocksin theopticalrange,suchasS[II].

Theapplicationof theresultsarelimitedbythefollowingassump-
tions.First, themagneticÞeld mustbeeitherparallelto theshock
directionormusthaveatransversecomponentwith anAlfv «enspeed
� 1 km s� 1 for the cooling function to remainunchangedabove
2000K. Shockßows with transversemagneticÞeldscharacterized
bypre-shockAlfv «enspeedsof 2.4kms� 1 (shockspeedof 30kms� 1)
downto1.0kms� 1 (shockspeedof 70kms� 1) maintainthegradient
in the cooling that initiated the instability in the oxygen-depleted
simulation.We thussuspectthat theseßows will alsoexhibit the
instability. This needsto be veriÞed with magnetohydrodynamic
(MHD) simulations.Secondly, the one-dimensionalanalysisdoes
not allow for other instabilitiesthat requiretransversemotionsto
bepresent.Theseinstabilitiesdependon thespeciÞc problemand
couldwell makethesignaturesmorecomplicatedto interpret.In this
respect,thespeciÞcsignaturesfromthe1Dresultsshouldallow usto
determinewhetherobservedvariationsarecausedby theinstability.
Thirdly, time-dependentabundancesof H2 formationanddissoci-
ationareincludedbut equilibriumCO andH2O is assumedin the
simulations.We have shown herethatthecoolingfunctionderived
with anon-equilibriumchemistryis smootherthan,but hasashape
approximatelysimilar to, thatassumingequilibriumfor pre-shock
densitiesn in excessof 3 � 104 cm� 3.

Low-resolutionnumericalsimulationsshouldbetreatedwith cau-
tion. Whenthesharpgradientsin abundancesaresmearedout,ap-
parentlystableshockfronts may result.This is in additionto the
coarsemeshproblemsnotedby Walder& Folini (1996),whichcan
eliminateparticularmodes.

Theinstabilityoccursin high-densityandlow-speeddissociative
shocks.For shockswith speed� 0 � 70 km s� 1, the UV radiation
will inhibit thereformationof COandH2O molecules(Hollenbach
& McKee1989).Hence,werestrictourresultsto fastshocksbelow
thisspeed,althoughwenotethatunstableconditionsmayalsoarise
throughOH coolingfor � 0 � 80 km s� 1 (seeÞg. 12 of Neufeld&
Dalgarno1989a).

Largevariationsin shock-generatedemissionlineshavebeenwell
documented.Recently, Chrysostomouetal.(2000)foundvariability
of the1 � 0 S(1)H2 line over 4 yearsin several locationswithin
HerbigÐHaro(HH) objects.Herbig& Jones(1981)documented21
yearsof opticalstructuralvariationsin HH 1.In thefuture,largeßux
variationswill be increasinglydocumentedashigherspatialreso-
lution will permit observationsof coherentshocksections.What
wouldmakeit possibleto associatethesevariationswith aradiative
cooling instability?A seriesof simultaneousspectroscopicobser-
vationsof emissionlinesin theopticalandinfraredwould provide
a comprehensive dataset.In the absenceof suchinformation,we
have shown herethat the interpretationof shocksassteadyßows
mayleadto misleadingresults.
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APPENDIX A: THE COOLING FUNCTION

Herewe describethecooling functionusedin thenumericalcode
(equation3) andin thepresentversionof thesteadymodeloutlined
in Section2.3.Thefunctioniscomposedof 11separateparts(oneof
whichheatsthegas),plustwo furthercomponentswereintroduced
in thesteadyshockmodels.

� �
11�

i � 1

� i 
 (A1)

Thecomponentsareasfollows:� 1 isgasÐgrain(dust)cooling,� 2 is
collisionalcoolingassociatedwith vibrationalandrotationalmodes
in molecularhydrogen,� 3 is collisional cooling of atoms,� 4 is
cooling throughrotationalmodesof water inducedby collisions
with both atomicandmolecularhydrogen,� 5 is cooling through
vibrationalmodesof water inducedby collisions with molecular
hydrogenand� 6 is for vibrationalmodesof waterinducedby colli-
sionswith atomichydrogen,� 7 is coolingfrom thedissociationof
molecularhydrogen,� 8 is heatingresultingfrom the reformation
of molecularhydrogen,� 9 is cooling throughrotationalmodesof
carbonmonoxideinducedbycollisionswith bothatomicandmolec-
ular hydrogen,� 10 is coolingthroughvibrationalmodesof carbon

monoxideinducedby collisionswith molecularhydrogenand� 11

is coolingthroughvibrationalmodesof carbonmonoxideinduced
by collisionswith atomichydrogen.Therefore,we have excluded
OH cooling (� 13) and[O I] Þne structurecooling (� 12) from the
presentsimulations.

The form for dust (or gasÐgrain) cooling is taken from equa-
tion (2.15)in Hollenbach& McKee(1989):

� 1 � n2� 1� (A2)

where,onassumingstandarddustproperties,

� 1 � 3
8 � 10� 33T1� 2(T � Tdust)

� [1
0 � 0
8exp(� 75� T)] erg s� 1 cm3
 (A3)

In thepresentcalculations,we Þx Tdust � 20 K, andhenceassume
thatthedustcoolsvery rapidlyaftertheshockfront, asjustiÞedby
Whitworth& Clarke (1997).

H2 vibrationalandrotationalcooling is basedon equations(7)Ð
(12) in Lepp& Shull (1983).We have shocktestedtheseformula
againstthedetailedsubroutinespresentedbyLeBourlot,Pineaudes
Foröets& Flower (1999)andfoundno signiÞcantdifferencesto the
detailedshockproperties.We thustake

� 2 � nH2

�
LvH

1 � (LvH� LvL)
�

L rH

1 � (L rH� L rL)

�
� (A4)

wherethe vibrationalcooling coefÞcientsat high andlow density
are(theÞrst formulacorrectsaprint error):

LvH � 1
10� 10� 18 exp(� 6744� T) erg s� 1� (A5)

LvL � 8
18� 10� 13 exp(� 6840� T)

� [nHkH(0� 1) � nH2kH2(0� 1)] erg s� 1 (A6)

andthetermskH (0, 1) andkH2(0� 1) arethe� � 0 � 1 collisional
excitationrates[andtheexp (� 6840� T) termconvertstheseto de-
excitationrates],asfollows:

kH(0� 1) �

�
1
4 � 10� 13 exp[(T� 125)� (T� 577)2] T 
 T�

1
0 � 10� 12T1� 2 exp(� 1000� T) T � T� �
(A7)

whereTv � 1635K, and

kH2(0� 1) � 1
45� 10� 12T1� 2 exp[� 28728� (T � 1190)]
 (A8)

TherotationalcoolingratecoefÞcientathighdensityis

L rH �

�
dex[� 19
24� 0
474x � 1
247x2] i f T 
 Tr

3
90� 10� 19 exp(� 6118� T) if T � Tr�
(A9)

whereT r � 1087K, andx � log (T� 10 000K). For low density,
thecoefÞcientis

LrL
Q(n) �

�
dex[� 22
90� 0
553x � 1
148x2] i f T 
 Tl

1
38� 10� 22 exp(� 9243� T) if T � Tl �
(A10)

whereT l � 4031K, and

Q(n) �
� �

nH2

	 0
77
� 1
2(nH)0
77




 (A11)

Atomic coolingtakestheexpectedform

� 3 � n2
H� 2� (A12)

wherewe have usedtable10 of Sutherland& Dopita(1993)(with
Fe � � 0.5) for the form of � 2 and wherean additional thermal
bremsstrahlungtermequalto 1.42� 10� 27T1� 2 is addedto � 2 for
T � 10000K.
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Waterrotationalcoolingtakestheform:

� 4 � (nH2 � 1
39nH)n(H2O)� 3 (A13)

� 3 � 1
32� 10� 23(T� 1000)� � (A14)

where � � 1.35Ð0.3 log(T� 1000) Þts the values tabulated by
Neufeld& Kaufmann(1993).

Coolingvia watervibrationalmodesin collision with H2 andH
is given by Hollenbach& McKee(1989):

� 5 � 1
03� 10� 26nH2n(H2O)

� T exp(� 2325� T) exp(� 47
5� T1� 3)� (A15)
� 6 � 7
40� 10� 27nH� 3n(H2O)

� T exp(� 2325� T) exp(� 34
5� T1� 3)
 (A16)

Thecoolingfrom thedissociationof molecularhydrogenfollows
theShapiro& Kang(1987)modiÞcationstotheLepp& Shull(1983)
form:

� 7 � 7
18� 10� 12
�
n2

H2
kD�H2 � nHnH2kD�H

	
� (A17)

where7.18� 10� 12 erg is the4.48eV dissociationenergy,

kD�H � 1
2 � 10� 9 exp(� 52400� T)

� [0
0933exp(� 17950� T)] � cm3 s� 1 (A18)

kD�H2 � 1
3 � 10� 9 exp(� 53300� T)

� [0
0908exp(� 16200� T)] � cm3 s� 1 (A19)

with

� �

�
1
0 � n

�
2 f

�
1
n2

�
1
n1

�
�

1
n1

�� � 1

(A20)

and Þnally, the critical densitiesfor dissociationby collisions of
molecularhydrogenwith atomichydrogen,n1, andwith itself, n2,
areÞttedby thefollowing approximations:

n1 � dex(4
0 � 0
416x � 0
327x2) cm� 3 (A21)

n2 � dex(4
845� 1
3x � 1
62x2) cm� 3
 (A22)

Heatingfromthereformationof hydrogenis includingasaÔcool-
ingÕterm,in thefollowing form:

� 8 � � � 7� � (A23)

wheretherate� 7 � kR is given in appendixB and

� � nnH(1 � � )7
18� 10� 12
 (A24)

Henceweemploy � toparametrizethefractionof releasedenergy
thatis thermalizedratherthanradiated.

CoolingviaCOrotationalmodesthroughcollisionswith molecu-
lar or atomichydrogenhavebeendescribedin McKeeetal. (1982).
Webaseourcoolingon their equations(5.2)Ð(5.5),

� 9 � nCOn
kT� � T

1 � na� ncr � 1
5(na� ncr)1� 2
� (A25)

wherethemeanspeedof themolecules� T �
�

8kT� (� mH2) and

ncr � 3
3 � 106T0
75
3 cm� 3� (A26)

� � 3
0 � 10� 16T � 1� 4
3 cm� 2� (A27)

whereT3 � T� 1000K. Wealsohavesettheaveragedensity, na �
0
5(nH �

	
2nH2).

For CO vibrational cooling from collisions with H2, we use
(Neufeld& Kaufmann1993)

� 10 � 1
83� 10� 26nH2nCOT exp(� 3080� T) exp(� 68� T1� 3)

(A28)

For CO vibrationalcooling throughcollisionswith atomichy-
drogen,weuse

� 11 � 1
28� 10� 24nHnCO

� T1� 2 exp(� 3080� T) exp[� (2000� T)3
43]
 (A29)

Oxygencooling throughthe63-� m Þnestructureline hasbeen
includedin thesteadyshockmodelandwe intendto includeit in
furthersimulationsin a form convenientfor large-scaledynamical
computationsof molecularturbulence.We omit thecalculationof
theupperenergy level thatgeneratesthemuchweaker146-� m line.
Thecoolingis thentakenas

� 12 � 2
82� 10� 18nO
1

1� fH � A10� r L
� (A30)

whereA10 � 8.9510� 5 is thespontaneoustransitionrate,

fH �
0
6exp(� 228� T)

1 � 0
6exp(� 228� T) � 0
2exp(� 326� T)
(A31)

is thefractionaloccupationof the3P1 level in local thermodynamic
equilibriumandr L � rH � rH2 with

rH � [4
37� 10� 12T0
660
6exp(� 228� T)

� 1
06� 10� 12T0
800
2exp(� 326� T)](nH � 0
48nH)

(A32)

and

rH2 � [2
88� 10� 11T0
350
6exp(� 228� T)

� 6
68� 10� 11T0
310
2exp(� 326� T)]nH2 (A33)

arethecollisional rates(valueskindly providedby D. Flower), in-
cluding ratescalculatedby Jacquetet al. (1992)for H2 collisions
from which we have takena singleweightedindex to combineor-
thoandparavaluesfor expediency, with anorthoto pararatioof 3,
sufÞcientlyaccuratefor thepresentpurpose.

OH coolingis takenas(seeHollenbach& McKee1989)

� 13 � 2
84� 10� 28n2T3� 2
 (A34)

APPENDIX B: THE CHEMISTR Y

We considera limited network of chemicalreactions,which we
cantestin theseone-dimensionalsimulationsandwhich is not too
cumbersometo beincludedin three-dimensionalMHD self-gravity
simulations.Thesereactionsare:

(1) H � H 
� H2

(2) H2 � H 
� 3H
(3) H2 � H2 
� 2H � H2

(4a)O � H2 
� OH � H
(4b)OH � H 
� O � H2

(5a)OH � C 
� CO � H
(5b)CO� H 
� OH � C
(6a)OH � H2 
� H2O � H
(6b)H2O � H 
� OH � H2.

TheÞrst threereactionsareincludedin a semi-implicitcooling-
chemistry step to calculate the temperatureand H2 fraction.

C� 2003RAS,MNRAS 339,133Ð147



Shocksin molecularclouds 147

Reaction(1) takesplaceon grainsurfaceswith theratetakenfrom
Hollenbach& McKee(1979):

kR � (3 � 10� 18 cm3 s� 1)

�
T1� 2 fa

1 � 0
04(T � Tg)1� 2 � 210� 3T � 810� 6T2 (B1)

with a factor

fa � [1 � 10000exp(� 600� Tg)] � 1� (B2)

whichmeansthatin oursimulations,f a isquiteclosetounity. Since
this formula is subjectto ongoingdebate(e.g.Bihamet al. 2001),
onecanalsoalter f a to testthesensitivity.

Dissociationrates(2) and(3) aregiven in AppendixA.
WeÞx freeoxygenandcarbonabundances,� 0(O) and� 0(C).We

thencalculatetheequilibriumO,OHandCOabundances,assuming
thattheCOreactionsaremuchfasterthantheH2O reactions.Then,
the remainingfreeoxygenis distributedinto O, OH andH2O, ac-
cordingtoequilibriumabundances.In thismanner, wecancalculate
approximatelythechemistrywithin fastshockswithoutoverloading
thehydrocode.At temperaturesbelow � 200K, equilibriumabun-
dancesareunlikely to bereachedwithin cooling layers.Themain
error will be in the H2O abundance:in gascooling below a few
hundredKelvin, thecodewill predictthattheoxygenwill bein O,
whereasthe H2O that forms in the shockwould remainaswater
considerablylonger. CO andgasÐgraincoolingdominate,however,
between1000and8000K so thattheshapeof thecoolingfunction
in this region is still approximatelycorrect.

Predictedlinestrengthsof OandH2Ofromthecoldgas,however,
will bein error.

WeÞndonly smalldifferencesin publishedratesfor thesix reac-
tions (4)Ð(6) (e.g.Hollenbach& McKee1989;PineaudesForöets,
Flower& Dalgarno1988).FromHollenbach& McKee(1989),the
two rates(4) are

	 (4a) � 2
32� 10� 12T1
93
300 exp(� 3940� T) cm3 s� 1� (B3)

whereT300 � T� 300K, and,for simplicity, weassumetheH2 is in
thegroundvibrationalstate,and

	 (4b) � 6
60� 10� 13T1
53
300 exp(� 2970� T) cm3 s� 1� (B4)

whichyield anequilibriumof

� (O)
� (OH)

� 0
28T � 0
4
300 exp(970� T)

n(H)
n(H2)


 (B5)

In comparison,theformulaof PineaudesForöetsetal. (1988)yields

� (O)
� (OH)

� 0
45exp(1030� T)
n(H)
n(H2)


 (B6)

With the abundanceof OH relative to O determined,the CO
abundanceis thengiven through

	 (5a) � 1
11� 10� 10T1� 2
300 cm3 s� 1� (B7)

	 (5b) � 1
11� 10� 10T1� 2
300 exp(� 77700� T) cm3 s� 1� (B8)

whichcombineto giveanequilibriumCOabundance

� (CO)
� 0(C)

�
�� (OH)

1 � �� (OH)
� (B9)

where

� � exp

�
77700

T

�
n

n(H)

 (B10)

With theCOabundancedetermined,theequilibriumH2O,O and
OH abundancesaregiven by equation(B6) and

	 (6a) � 8
80� 10� 13T1
95
300 exp(� 1429� T) cm3 s� 1� (B11)

	 (6b) � 7
44� 10� 12T1
57
300 exp(� 9140� T) cm3 s� 1� (B12)

whichcombineto giveanequilibrium:

� (OH)
� (H2O)

� 8
45T � 0
38
300 exp

�
� 7711

T

�
n(H)
n(H2)


 (B13)

Thispaperhasbeentypesetfrom aTEX/LATEX Þle preparedby theauthor.

C� 2003RAS,MNRAS 339,133Ð147


