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ABSTRACT

We reporton the discovery that moderatelyfastshocksin densemolecularcloudswith low
transersemagnetideldsarelik ely to beunstableTheinstability is triggeredby thepromoted
coolingthatresultdromtheformationof carbormonoxideandwatermoleculesn anextended
warmshocksection.Numericalmethodsareemplo/edto demonstratéhat, in theabsencef
magnetideldstheinstabilityregimeis restrictedto densitiesaboreny,  10* cm 3, velocities
betweer80D7km s !, andO or C abundancesbore 10 4, so thatcoolingfrom reforming
moleculeglominatesn thewarmgaswithoutbeingsuppresseby ultravioletdissociationThe
resultis eithera quasi-periodicor chaoticcollapseandre-establishmentf the warm shock
layer on a typical time-scaleof 10° cm 2 ng yr with variationson shortertime-scalesand
changesn periodbeingpossible Infraredemissionlinesfrom the unstableregion, including
theH; lines,exhibit ordersof magnitudevariability. Atomic linessuchasH displayconstant
Buxeshut undego rapidradial velocity variations.

Key words: hydrodynamic®instabilitiesbmolecularmprocesse®shockwaves DISM: lines
andbandsbISM: molecules.

1 INTRODUCTION

Fastshockwaves alterthe dynamical physicalandchemicalprop-
ertiesof densénterstellarclouds(Hollenbach& McKeel979).The
shocksanaybedriveninternallyor externallyby avarietyof sources,
includingsuperneablastwaves,protostellajets,cloudbcloudol-
lisions, stellarwinds andplanetarynetula. We debnea fastshock
asonecapableof destrying moleculesn its path.In adensecloud,
mary of the moleculesmay subsequentlyeform in the cooling
layerof compressedndacceleratechaterialHollenbach& McKee
1989;Neufeld& Dalgarnol989a) Thecompressedloudmaythen
goonto form stellarsystemsr mayfragmentanddisperseHence,
the behaiour of fastshocksis critical to the distributions of both
starsandinterstellargas.

Herewe investigatehetime-dependerropertief fastshocks
throughone-dimensiona(1D) numericalsimulations.The struc-
ture and signaturef steadyfastshockswas studiedin depthby
Hollenbach& McKee(1989),Neufeld& Dalgarno(1989a,b)and
Wolbre& Kenigl (1991).1f ashockis unstablehowever, we have
toreconsidenotonly theobseredemissiompropertief radiatve
shockshut also(i) the transferinto turbulent enegy of the cloud,
(i) the fragmentationor destructionof the cloud, (iii) the result-
ing shock-inducednolecularalundancesand(iv) the accurayg of
numericalsimulationsthatdo not fully resohe individual shocks.

Hydrodynamicshocksthatdestry moleculesat the shockfront
possessspeedsin excessadjustof 23 km s ! (Kwan 1977,
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Hollenbach& McKee1980; Smith 1994).In densemoleculargas
shieldedfrom ultraviolet (UV) radiation,shockscanbe continuous
(C-type)in whichalow ion fractionleadgo thedrift of themagnetic
peldthroughtheneutralgas.In this casemoleculedargely survive
in shockswith speedsupto 30 km s ! if the magneticbeldis
parallel(Smith1993)but upto 50km's ! if thePeldis trans\erse
(Draine,Robege& Dalgarnol983).Below thesespeedstheshock
front andthe cooling layer overlap.Above thesespeedshowever,
the shockis classibedas fastsincemoleculesare abruptly disso-
ciatedafter the shockfront, followed by a wide zoneof radiatve
cooling.

We demonstratberethatmoderatelyfastshocksn densenolec-
ular cloudsarethermallyanddynamicallyunstableThermalinsta-
bilities onsmallscalesareexpectedn thecoolinglayerthatfollows
theshockfront providedthatthecoolingrateperunitmassncreases
asthetemperaturéalls (McCray, Kafatos& Stein1975).Thisis be-
causaasmallregionwithin thel3ow with alowertemperatur¢hanits
surroundingsvill coolfasterresultingin agrowing densitycontrast
(seeSmith1989).

To alsobe dynamicallyunstablethe cooling rate mustincrease
sufpcientlyrapidly asthetemperaturéalls (Langer Chanmugang
Shaviv 1981;Chevalier & Imamural982).0On acertaintime-scale,
acooling shocled layer may collapsesimultaneouslasthe shock
front shrinksback, reducingthe shockstrength.The lower shock
velocity thenpromotedastercooling,which leadsto anevenfaster
collapseof thecoolinglayer. Thus,aresonanceccursandtheentire
layer may collapseQcatastrophicallythe loweredshockvelocity
alsoleadsto alower pressureHence aresistingmediumor conbn-
ingwall candecelerat¢heretreaof theshockfront. Thiscanleadto
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aperiodof increasingshockvelocity andacoolinglayerof increas-
ing temperaturasthe shocklayerinRates.Thehighertemperature
gasdoesnot cool efbciently, andso expandsoutwards,driving the
shockfront to even higherspeedsThe shockmay performgrow-
ing periodicoscillationsthatleadto high-amplitudequasi-periodic
oscillations(e.g. Imamura,Wolff & Durisen1984; Strickland &
Blondin 1995).

This dynamicaloverstability is relevant to fastatomic shocks.
For velocitiesgreatethanapproximatelyl40kms 1, strongatomic
coolingnearl00000K ispredictedo initiate the overstability(e.g.
Innes,Giddings& Falle 1987;Gaetz Edgar& Chevalier1988).An
instability was notexpectedhowever, in molecularshockssinceall
theindividual cooling functionsare positive functionsof tempera-
ture,asshovnin Fig. 1.

Wewerethereforesurprisedo bPnd adynamicainstabilityin our
numericalimulationsTo testanew versionof athree-dimensional
(3D) moleculathydrodynamicode weperformedne-dimensional
high-resolutiortests.This codeimproves the codeof Suttneret al.
(1997)alsoincluding CO andH,0 chemistryandcooling (seethe
Appendices)Thepreviouscodedid notshow any signsof dynami-
calinstability. In fact,it is theproductionof COandH,O molecules
in the coolinglayerthatleadsto the onsetof catastrophicooling.
The formation of moleculescauseghe instability by alteringthe
cooling function thatis now time-dependenas gasmoves down-
stream .Note that Silk (1983) recognizedhat the rapid formation
of watermoleculescould leadto thermalinstabilitiesin molecular
clouds.

Thefundamentatonditionfor thedynamicainstabilityhasbeen
derived throughnumericakolutionsfor specbc casesespeciallyfor
amonatomigyaswith acoolingrateproportionato thesquareof the
densitywith atomicshockdeingconsideredChevalier& Imamura
1982;Chanmugaml.anger& Shasiv 1985;Dgani& Soker 1994).
Numericakimulationslemonstratéhattheinstabilityleadsto high-
amplitudeoscillations(Strickland& Blondin 1995).In Section2,
we presenthe hydrodynamicequationsanddiscusghe criteriafor
which molecularshocksshould be unstable the unstablemodes
andtheir oscillationperiods We alsopresenthe coolingasa func-
tion of temperaturdor steady-statshockswith the equilibriumC
andO chemistryasemployedin the 3D numericalcalculationgor
whichtime-dependerixygenandcarbonchemistryis notpractical
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Figure 1. Thetotal cooling (thick line) andcooling functionsfor a slab
with the indicatedbxed densityandH- fraction. The cooling components
are:1, gagyrain; 2, H, ro-vibrational;3, atomic;4, H,O rotational;5, HoO
vibrationalwith H»; 6, H,O vibrationalwith H; 7, Ho dissociation;8, H»
reformationheating(thin doubleline); 9, COrotational;10, CO vibrational
with H; 11,COvibrationalwith H; 12,[O 1] bnestructure;13,0OHrotational.

to follow. We comparethis with the cooling functionsfor steady-
stateshockswith non-equilibriumchemistryandconcludethatthe
instability will probablybe presentbut 1D simulationswith full
time-dependenthemistryandionizationareneededo verify this
conjectureanddetermingheminimumalundancesecessaryNote
alsothatthe molecularhydrogenformationrate remainsquite un-
certainandmay alsoinfRuencetheinstability regime.

In Section3, we presentumericalresultsthat demonstrate¢he
natureof theinstability andyield thetime-scalesThe stronginf3u-
enceof theinstabilityonobsenationalpropertieswith theemphasis
oninfraredemissionlines, is thendiscussedSectiord.1).

Several conditionsmust be fulPlled for the instability to oper
ate.First, sufbcient CO andH,O mustform asthe gascoolsbelon

8000K. Hollenbach& McKee(1989)have shovn that CO and
watercoolingdoindeeddominatefor steadyshocksn high-density
regions. We considerherethe carbonand oxygendepletionsthat
stabilizethe shock.Amelioratingfactorsalsoincludethermalcon-
ductionanddustdepletion Furthermoreasufbciently strongtrans-
versemagnetidbeld cushionghe shockandinhibits thedynamical
instability (Teth & Draine1993).

Note that UV radiationwill inBuencethe locationin which the
moleculesreform (Hollenbach& McKee 1989). For shockswith
speed o 80kms %, theUV radiationwill inhibit the formation
of CO andH,O moleculesHowever, the calculationof Neufeld&
Dalgarno(1989a)shavsthatOH coolingthenreplace<CO cooling,
providing asimilarsteegpncreasén coolingasthetemperaturéalls.
Neverthelesswerestrictour resultsto fastshocksbelow thisspeed.

Other shockinstabilitiesmay also be operating.Thesemainly
distort or fragmentthe denseslab of gasthat accumulate®ither
betweentwo shocksor betweena single shockand a mediumof
high-thermalpressureThe instabilitiesinclude the Vishniacthin-
shelllinearinstability (Vishniac1983;Mac Low & Norman1993),
the non-linearthin-shellinstability (Vishniac1994)andthe trans-
verseaccelerationnstability (Dgani,van Buren& Noriega-Crespo
1996). They all requiretwo-dimensionaktudies,whereashe os-
cillatory instability is presenevenin one-dimensionaimulations.
Moreover, this instability occursin the cooling layerratherthanin
theaccumulatedold slab,thuspossessingdistinctsignatures.

2 THE FLOW EQUATIONS AND
ANALYTICAL PREDICTION

2.1 The equations

We modelthe mostbasicradiative shocks:hydrodynamid3ows in
onedimensionNumerically wewill solvethetime-dependerfiow
equations:

()

my " 0 1
() (2 p

n ” 0 2
e (e)
K3 ” p_x (Tnf) (3)
(ft”) (f: ) RTnf) DTN 4)

wheren is the hydrogennuclei density e is the internal enegy
densityandf is the molecularhydrogenabundancei.e. n(H,)
fn. Wetakeaheliumabundancen(He) 0.1n. Thereforethetotal
particledensityis ni,y (1.1  f)n andthe temperaturés T
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p (kng). Theinternalenegy lossthroughradiationandchemistry
perunitvolumeis , andthedissociatiorandreformationratesof
molecularhydrogenaregiven by D andR, respectiely.

Theinternalenenpy is relatedto the pressurdoy e  p ( 1)
wherethe effective specbc heatratiois takenas

55 3f
33 f ®

whichassumethatH, possessésvo rotationaldegreeof freedom.
We debne
14

NetMp 11 f

(6)

2.2 Power-law cooling predictions

Shockstability studieshave beenmainly restrictedto 3ows with
2 andpower-law cooling of theform

on T (7)

(Chevalier & Imamura 1982; Wolff, Gardner& Wood 1989;
Strickland& Blondin 1995)andsuperpositionsf powver-law cool-

ing (seeSaxtonetal. 1998for furtherreferences)rhermalinstabil-
itiesin theinterstellamediumwerebrstanalysedn detailby Field

(1965). Smith (1989) investigatedthe small-wavelengthisobaric
condensatiomodeswithin shockwaves.Theinstability condition
(equation24 of Smith1989)reducego 2( 1) 3 )

attheshockfront andapproachethecondition downstream.
Notethatfor 2, theinstability conditionremainscloseto

2, whereador 1 the conditionis morestringent.

The oscillatoryinstability conditionis even more stringent,de-
pendinguponthe cooling processesandthe boundaryconditions.
For thecase 2, theoscillationsareunstabldan thefundamental
modefor 0 4 andin highermodedor c Wherethevalues
of .exceedd.8(Chevalier& Imamural982).Note,however, there
is apparentlyarangeof valuesD.29 0.5for whichnon-linear
effectsarecritical (Strickland& Blondin 1995).In thisrange,sec-
ondaryshocksform nearthe wall andrestrict,but do not halt, the
collapse.The fundamentamodeis thoughtto be the mostsignip-
cantsincethelong-wavelengthperturbationsvouldbeleastdamped
by motionstrans\erseto the Row direction.Numericalsimulations
demonstratehowever, thathigherordermodesstill generatescil-
lationsfor 0 7 (Strickland& Blondin 1995).

For applicationdo shockpropagatiorthroughmoleculargas we
shouldconsider _;Z (fully molecular)and 1—70 (fully molec-
ular with 10 per centhelium). Furthermore, is unity for several
coolingprocessen high-densitygas,e.g.COrotationalandH; ra-
diative cooling. For fastdissociatve shocks however, we bnd that
the hydrogenis still almostcompletelyatomic during the cooling
down to belov 500K, andthattheinstability is causedy CO and
H,O vibrational cooling (with the moleculesexcited by collisions
with H) for which 2. In theserespectsexisting analysesnay
provide relevantcriteriafor the presentonditions.

2.3 The steady-statemodel

Thecoolingfunctionfor auniformslabof gaswith constantlensity
andchemistryis displayedn Fig. 1. The componentoolingfunc-
tionsarelistedin AppendixA andchemicalreactionsn Appendix
B. They wereselectedor the problemsassociatedvith shocksin

densemolecularclouds.Fig. 1 assumeshe equilibrium chemistry
describedn AppendixB. We concludethat the cooling functions
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Figure 2. Thecoolingfunctionscorrespondingp dissociatveshockwaves
thatprove to beunstableassumingequilibriumchemistryfor C andO, with
standarconditionsasshavn andabundances (O) 5 10 “and (C)

2 10 “ (upperpanel)and (O) 2.1 10 “*and (C) 2 104
(lower panel)andAlfv enspeed).01km s 1. Thelower panelcorresponds
to theunstabledepletedD caseTheindividual cooling/heatinggomponents
arelabelledasin Fig. 1.

are positive functionsof temperaturewith the power-law index
beingabove the oscillatoryinstability critical valueof 0.4in each
section.This holdsnotonly for theindicatedparametersut under
muchwider conditions.

The unstableshocksthat motivatedthis analysisinvolve a com-
plex multicomponentime-dependertoolingfunction(Fig. 2). Im-
mediatelyfollowing theshockfront, is azoneof very steepcooling,
dominatedy H, radiatve anddissociatve coolingandatomiccool-
ing. Thereforeweexpectthishotzonewith T 8000K to bestable.
We bnd thatthis thin sectionis maintainedhroughoutmoving en
bloc to accommodaté¢he oscillating cool layer, with signalstrav-
elling quickly throughit. Thesignalpropagateslowly throughthe
following cool layer, which we referto asthe Gnfraredlayer®and
this determineshe dynamicalinstability properties.

Thesteady-statenodelsolvesthehydrodynamiequationsn the
post-shocl3ow (with the partial time derivatives beingdropped).
The shock itself is replacedby a discontinuity satisfying the
RankineHugoniotconditionswith attentionbeingpaidto thespe-
cibc heatratio. The pre-shockgasparametersre representedby
Po» o To, o o foandM? (o % po). Sincemolecular
dissociatiorrequiresa bnite time, theimmediatepost-shockalues
are fl fo, 1 0»
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(o 1)M2

S 1 0 0o 1 m (8)
1 1 ! M?2 9)
P1 Po S
and
P1
T, T — 10
1T s (10)

TheRow in theradiative layer, on eliminatinge, is describedy

11 (11)
p 2 m 1 f (12)
and,on substituting,
p( 1)
" 1p_x (n T f) (13)

in which, onusingequation(11), we cansubstitutefrom

44 f

x (33 f)2 x (14)

and

_f 14m(R D) (15)
X 11

to leave asinglebrst-orderequationthatcanbe solved numerically
without difbculty.

Beforerunningthesteadyshockmodelandsimulationsyweadded
equilibriumoxygenandcarbonchemistryin additionto the hydro-
gen chemistry The basicreactionsthat form and reactwith the
OH moleculewerechosenAppendixB). Previously, we hadtaken
the CO alundanceso follow the molecularhydrogenfractionand
not includedH,0, asthe simplestapproximationthat allowed us
to modelmolecularjetsin threedimensiongSuttneret al. 1997).
Here,however, we assumehatthe corversionof oxygeninto OH
andtheninto CO andH,0 canbe describedy equilibriumakun-
danceshroughreactionsvith H, H, andC. Thisis especiallycritical
to large-scale3D simulationssinceit is advantageouso avoid the
introductionof new variables We thusbnd that CO andH,O can
form aheadbf the mainH, reformationzonesincea smallfraction
of H,O is sufbcientto instigatethe completecorversionof thefree
oxygen.

NotethatOH andoxygenbnestructurecoolingarealsoincluded
in the steady-statand slab models,but excludedfrom the simu-
lations. We bnd that thesecooling contributions canbe neglected
in the presentshocksimulationsfor densitiesexceeding3  10*
cm 3, asdemonstratetbr ahydrogennucleondensityof 10° cm 3
in Fig. 2.

Time-dependenthemistryhasbeenincludedin the steady-state
calculationgo testthe equilibriumassumptionEquilibrium chem-
istryisfoundto provideareasonablestimatef thecoolingfunction
athighdensitiesAs demonstratedy comparinghepanelf Figs2
and3,thecoolinggeneratedy H,O formationis wealerin thenon-
equilibriumcase ThiswouldinBuencethe oscillatorystructurebut
we donotbelieve thatthisis sufbcientto remove theinstability. The
instability is still presenivheneitherC or O is depletedy over an
orderof magnitudeyielding a moregradualincreasen the cool-
ing rate(e.g.seethelower panelof Fig. 2 wherethe H,O bumpis

Figure 3. Thecoolingfunctionswithin dissociatve shockwaveswith non-
equilibrium chemistryandwith standarcconditionsasdescribedn Fig. 2.
Theindividual cooling/heatingcomponentarelabelledasin Fig. 1.

greatlyreduced)We alsonotethatto predictthe detailedstructure,
dynamicalprocessesrejust ascritical aschemicaleffects. Two-
dimensionakimulationswith full time-dependerthemistrywill be
needed.

For a densityof 10* cm 2, however, non-equilibriumchemistry
is certainly requiredto reproducethe important contritutions of
oxygenbne structureandwatercooling belov 8000K. As shavn
in Fig. 4, for non-equilibriumchemistry the rapidincreasén CO
vibrational cooling as the gas cools belov 8000K is no longer
mirroredin thetotal cooling.

Dynamicalinstabilitiesmayoccurwhenthemoleculathydrogen
fractionis inverselyrelatedto the temperaturesuchasis possible
in the cooling layerof afastshock,asnow discussedThe cooling
is presentegber unit volume, , in Figs2 and3 sincethe cooling
functionsarenotsimplepower-law functionsof thedensity Hence,
to predictwhich of thesestatesvould beunstablewe needto inter-
pretthecritical temperaturéndicesdiscussedn Section2 in terms
of theindex givenby ¢(T) ol oT , whichfollows
aRuid parcelthroughthe coolinglayeratalmostconstanpressure.
The interpretationcontainsuncertainty however, sincethe chem-
istry (and,hencethecooling)is time dependentNeverthelessit is
clearthatavery high negative valuefor is presenin thetemper
atureregime between3000and8000K for standarchon-depleted
O andC abundancesMoreover, the width of the shockis mainly
determineddy the temperaturat which the rapid coolingis about
to turn on, i.e. near8000K (ascorbrmedin Fig. 5). This loca-
tion is adjacentto the cooling zonethat possessea high inverse
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Figure 4. A comparisorof equilibrium and non-equilibriumchemistry
coolingfunctionswithin dissociatve shockwaves at thelow densityof 10*
cm 3 andwith standardconditionsasdescribedn Fig. 2. The individual
cooling/heatingcomponentsirelabelledasin Fig. 1.

dependencevith temperatureThis leadsus to concludethat the
shockis, atleast,linearly unstable.

An examplewith O and C both strongly depletedcorbrms the
causeof theinstability. Low oxygenandcarbonabundancepermit
little H,O, CO and OH to form. As shavn in Fig. 6, the shock
shouldbe stablesince 1.39exceptfor a narrov temperature
range,ascorbrmedby the simulationglower panelof Fig. 12; see
Section3.6).

3 HYDROCODE SIMULATIONS

3.1 The numerical model: zEus-3D

We employ thezeus-3p codein a one-dimensionainode(Stone&
Norman1992)to providethebasichydrodynamicsThisisasecond-
orderEulerianbnite-differencecode.Herewe studycompressible
hydrodynamicsvithoutgravity, self-gravity or thermalconduction.
No physicalviscosityis modelled but numericalviscosityremains
presentandavon Neumannrartibcial viscositydetermineghe dis-
sipationin the shockfront.

A modulefor molecularchemistryand molecularand atomic
cooling hasbeenadded.The functionsand ratesarelisted in the
AppendicesOur ultimate goal is to develop a reliable codewith
which we cantacklethree-dimensionainoleculardynamics later
addinggravity, magneticbelds,ambipolardiffusion andradiation.
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Figure 5. Prablesoftemperaturejensity pressurandmolecularfractions
(Hz2, CO, andH,0) demonstratinghe collapseof the shocled region. We
display proPles from the simulation6F40 covering two stagesof a cycle.
This shavs that the collapsein the shockcoverstemperature®f 500D
5000K andis initiated by lower pressuregseenhereasthe dip in density
prior to the collapse)n this region.

We thusrestrictthe cooling and chemistrylists to just thoseitems
essentiato thedynamicsWe have emplo/edthe simultaneousm-
plicit methoddiscussedby Suttneretal. (1997)in which thetime-
stepis adjustedn orderto limit thechangen internalenegy in ary
zoneto 30 percent.

We presenprimarily two-shocksimulationsin addition,wehave
examinedsingleshockswith are3ectionboundaryconditionsimu-
latingawall. Symmetridnf3ow boundaryconditionsverechoserat
bothendsof thegrid in thetwo-shocksimulationsHence a dense
slabof cold materialaccumulatest the centreof thegrid. We then
bnd thatthe behaiour of eachshockis independenandthe accu-
mulatedslabmaterialbehaes exactly asawall. Initially, however,
thereis no effective wall or shock.As adirectresult,thetwin shock
Row patternmightnotdisplaytheoscillatoryinstability sincewaves
arenotbroughtinto resonancéhroughre3ection. Thermalinstabil-
ities arepresenthowever, andrapidly generatesomestructureand
asymmetry
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Figure 6. Thecoolingfunctionswithin a stabledissociatve shockwave,
with low abundances(0) 2 10 ®and (C) 1 10 °andothercon-
ditionsasin Fig. 2. Theindividual cooling/heatinggcomponentsirelabelled
asin Fig. 1.

3.2 Resolutionand corvergence

Oncethe centraldenseslab hashbuilt up, the two shocksusually
begin to behaeindependentlyandthedynamicalinstability setsin.
Tablel includesthe datafor our detailedresolutionstudyandour
explorationof parametespacdor thestandardwo-shockcaseand
a shoclwall example.We debne the shockresolutionastheratio
of themeanshocktotal coolinglengthto thezonelength.

Fig. 7 displaysthelocationsof the shockfront (asdebnedby the
positionsof themaximumtemperaturefor onesideof theshockasa
functionof time. Thisdemonstratethe presencef aninstability at
all resolutionslt is, however, only atresolutionsitorabore4  10'°
cmthatthevariationtime-scaleandamplitudeapproactaconsistent
behaiour. We remarkthat the oscillationscan changeperiod at
irregularintervals. We proposehatthesechangesnotencountered

Table 1. Shockinlet parameters.

in atomic shocks,are causedby the natureof the cooling, which
possessestimedependenctroughthemoleculambundancesie
typically requirea shockresolutionof 180to obtainthe physical
instability.

It is signibcantthat the instability generatesomechaotic be-
haviour, with thedifferentcoolingcomponentsbleto producedif-
ferentresonancesWe thus bnd, similarly to studiesof turbulent
Bow, thatthebehaiour convergesbut nottheexactstructureasthe
resolutionis increased.

Othernotablepointsareasfollows.

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

(i) Weincreasedheperiodatwhichtheshockwidthis recorded
after 100yr. Along with this changemore short-periodvariations
becomeapparentHencethespiky structurehatappearsluringthe
Prst100yr of theshockevolutioncurvesarecausedy alow display
resolutionratherthannumericalresolution.

(i) The behaiour doesnot corverge to a single patternbut
passeshroughvariouscyclic patternsThis may be causedy the
presencef differentharmonicmodesandtheir interactionthrough
the comple coolingfunction.

3.3 The collapseand re-expansion

We display an excerptin Fig. 8 from datarecordedwith a time
resolutionof 0.1yr. Inthedisplayedera,shortvariationsona 1 yr
time-scaleare superimposean large variationswith a time-scale
of 4yr.

Although most collapsesand expansionsexhibit a smoothbe-
haviour, somecollapsegake placeat high speedThis s displayed
explicitly in Fig. 9 wherewe plot the distribution of the shock
front velocity, as calculatedbetweeneachconsecutie data pair.
Theasymmetrydemonstratethat(i) thecollapsesareoften,but not

Sima N X logn s 1- 2-shock Cat.unstable Period

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:5.0,9.4P16.6,11.3
1000 t 1500yr: M: 21.7,49.8,W: 11.3
550 t 750yr:S:10.4

6D40-0 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

aThedesignatiorfor eachsimulationlists, in order thelog of the numberdensity a representationf the resolution,andthe pre-shock
velocity in km s 1. The lettersfor the resolutionare associateavith the numberof zonesin the meanshocktotal cooling length,as
follows: A, 8B16; B, 16682; C, 32B64; D, 64b128; E, 128256;andF, 256E612.

bTheperiodin yearsdeterminedisingan FFT, with W, M, Sindicatinga weak,moderateandstrongpeak respectiely.
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Figure 7. Thedependencef theinstability on spatialresolution.We plot the positionof maximumtemperaturéfor clarity, of oneshock)asa function of
timefor simulationgfrom thetopdown) 6B40,6C40,6D40,6E40and6F40thatspanbve differentspatialresolutionsThezonesize, X, isdisplayedn each
panel.Thefrequeng of datadisplayeds identicalfor eachpanel,we shav onedatumperyearfor the brst 100yr, andthereafteloneevery 0.1yr.
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Figure 8. Expandedview of short-termoscillationsin a high-resolution 10 _5 0 5 10

case.We plot the position of maximumtemperaturesa function of time
for bothshockswhereoneis shavn asa dottedline, in the high-resolution
simulation 6F40. The positionsare plotted every 0.1 yr. This shavs the
similar, if somevhatoffsetin time, behaiour of eachindependenshock.

velocity (km/s)

Figure 9. The probability distribution of shockvelocitiesin the high-
resolutioncase We plot therelative fraction of velocities,which aredeter
minedfrom consecutie timesandpositions,of eachof the two shocksfor

exclusively, at high speedjn therange 3to 8 km s ! and (ii) the high-resolutionsimulation6F40,andfor the portion of the simulation

the most probableshockfront velocity is larger thanthe average
shockfront speedby just 1 km s 1. Notethatthesespeedsrean
orderof magnitudesmallerthanthe shockspeedyetthey arepart
of large-amplitudevariationsin shocklength.

Thedistance®f bothshockfrontsfrom thecentreof thegrid are
displayedin Fig. 8. Sincewe areinvestigatinganinstability, there
is noreasorwhy the shockfront locationshouldcoincide.
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with 0.1-yrdataintervals. Thewidth of thevelocity binsis 0.2km's 1.

3.4 Shockprobles

Fig. 5 displaysthe probles of temperaturedensity pressureand
molecularfractions at different phasesduring one collapse.The
upperpaneldemonstratethat the collapseindeedcoincideswith
theshrinkingof thewarminfraredlayer. This layerdetermineghe



140 M. D. SmithandA. Rosen

lengthoftheshocksincethegascoolslessefbcientlyattemperatures
belon 8000K, until someCO moleculehave formed.At theendof
thecollapsetheremaininginfraredlayerconsistof only 8000K
gas.Ontheotherhand,boththe hot andcold gasoccupy very thin
regions.

Notethatapressurgéroughappearsvhentheshockis wide. This
low pressureesultsin the shockcollapse.n turn, this producesa
weaksecondaryhockthatreturnsupstream.

Thelogarithmicproble of thehydrogermolecularfractionmain-
tainsasimpleshapesinceverylittle H, reformsin theinfraredlayer.
Fastreformationdoesnotoccuruntil thegashascooleddown below
300K, whichis closeto theinterfacebetweerthetwo shocksThe
shapeof the H, O fractionfollows thatof H, quiteclosely The CO,
in contrastfully reformsin theinfraredlayer Notethe generation
of asecondarghock(atx 3 10'2cmin thebgure)duringthe
collapsethatis sufbciently strongto destry mostof thereforming
COmoleculesAlthoughtheshockis weakin comparisorio thepri-
maryshock,it occurin theregimewherethe H, andCO chemistry
is mostsensitve to thetemperature.

3.5 Density and velocity

Fig. 10 shavs thatthe instability is presentat all densitiesconsid-
eredhere.The codeassumeshatequilibrium chemistryremainsa
valid approximatiorandthatno othercoolingmechanisnhasbeen
neglected.At a densityof 10* cm 2, however, the assumptiorof
equilibrium coolingis invalid andthe slow formationof CO com-
binedwith the enhanced bne structurecooling, leadsto a much
Rattercoolingfunction.

For ourstandaraaseof 40kms !, wenotethatthehighestampli-
tudeandgreatestariationtime-scaleoccurfor thelowestdensity
The time-scaledependencés expectedsincethe lower densities
have longercoolingtimes. This is apparenfrom the differencein
shockwidth shavn in Fig. 10. Quasi-periodicoscillationsof the
shockfront arefound in somestagesf the simulations.We have

employed afastFouriertransform(FFT) on the highest-resolution
runs and presentin Table 1 someperiodsthat appear Sincethe
oscillatory patternchangever time, mary periodsthat shov up
in the FFT analysisare very weak ( 3 , denotedby W in the
Table).Still, thesevaluesdo shav an inverserelationshipbetween
the periodandthepre-shocldensity Specbcally, we seeperiodsof
approximately.5n* yr, whereng isn 10° cm 2, for the rangeof
densitiesandsimulationsshavn in Fig. 10.

A studyof thedependencef theshockwidth ontheshockspeed
is presentedn Fig. 11 for the casewith densityof 10° cm 2. The
instability is presentitall speedsbore  25kms 1, wherethehy-
drogenmoleculesarebrstdestroyedimmediatelybehindthe shock
front, andrapidreformationleadsto dynamicainstability. We have
notinvestigatedshocksfasterthan60km s ! since,atsuchspeeds,
UV radiationfrom thehot gasdelaystheformationof moleculesn
theinfraredlayer. Neverthelesstheinstability could still occurbut
deepelin theinfraredlayer A codethatincludesradiative transfer
effectswill benecessaryo corbrm this.

Notethatwe have alteredthetime-stepfor the displayat 100yr.
In thesawo-shocksimulationsthisallowstheshockgo progress$o
thepointwhereeachis independendf oneanotherandalsoenables
usto displaythe structurethatwould be recordedhroughdiscrete
obsenationsmadeevery few years.

The mannerin which the shock structure changesdepends
stronglyon the upstreamspeedmposed The 60 km s ! example
occasionallydisplaysnarrav shockregions,roughly with a 30-yr
timeinterval. Cyclic patternsareuncoveredat40kms *. At 20 km
s ! theshockis stable.

3.6 Chemistry

The oscillatory instability was not found in previous simulations
of fastshocks(Suttneret al. 1997) becausepwing to the lack of
computingpower, oxygenandcarbonchemistrywerenotincluded.
Yet theseprove to be vital to the natureof a fastshock. This is
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Figure 10. Thedependencef thedynamicalinstability on density The positionof maximumtemperatur@sa functionof time for threedifferentdensities
is plottedfor simulations6E40,5F40,and4F40(from thetop down). As with Fig. 7 thatdisplaystwo-shocksimulationswe shav the positionof only oneof

thetwo shocks Here,thedatatime interval is 2 yr in 6E40,every 2.5yr in the brst 250yr andevery 0.25yr for all t

250yr in simulation5F40,andevery

10yr in 4F40.Sincethesizeof the shockis inverselyproportionalto the density the vertical scaleof eachpanelis different. Thetime-scaleof the oscillations

increasessthedensityis decreased.
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Figure 11. Thedependencef theinstability on pre-shockvelocity. We plot the positionof maximumtemperaturasafunctionof time for 3 differentinitial
(pre-shock)elocitiesin thesimulations6D60,6E40,and6D20 (from thetop down). As with the previous positionbguresof two-shocksimulationswe shov

100yr andonceper0.1yr fort  100in 6D60andin 6E40,and

every 0.5yr in simulation6D20. Note the differentverticalscalesandthatthe 40km s 1 simulationhasthe largestshockregion.

corbrmed in Fig. 12, which displaysthe evolution of the shock
width for four different O and C abundancecombinations Note
thatthe shockis stableonly whenboth O andC aredepletedBoth
H,O and CO formation generatehe instability, as expectedfrom
the shapeof the coolingfunctionin the steadyshockanalysis.

It is evidentthatwhenjust one moleculeis responsibldor the
instability (middle panels) a regular oscillationis generatedThis
suggestshatthechangesn patternin othersimulationsaremainly
causeddy the multipealed cooling function. The small-amplitude
oscillationsuncoveredfor the oxygen-depletedhockarerelatedto
theinefbcieng of theCOto continugo coolthegasbelov  2000K.

Notethatwhentheinstabilityisinstigatedhroughwatermolecule
formationandcooling,ahigh-amplitudeoscillationis apparentin-
terestingchangesn temporalbehaiour arefoundfor this carbon-
depletedshocksimulationasshovn in detailin Fig. 13. A dramatic
changeoccursatt  500yr. It seemoplausiblethatthetwo shocks
priortot  500yr interactthroughthe cold, densethin wall, and
we suspecthe changen period,to effectively half of the previous
one, signibesthat the wall hasbecomewide enoughto allow the
shocksto behae independently

3.7 Singleshockimpacting a wall

We have alsoveribedthatawall modelproduceshesameunstable
structuressin theequivalenttwo-shockmodel,asshavnin Fig. 14.

Hence,our conclusionsare independenbf the chosenshock set
up, given the limitations of one-dimensionashockwaves.In two

dimensionsthewall thatformsbetweertwo shocksmaywell bend
andfragmentowing to inducedtrans\ersemotions.

4 IMPLICA TIONS

4.1 Obsewational aspects

We now calculatethe effect of theinstability on obserablequanti-
ties.First,we chosemoleculatydrogeremissiorlinesto represent
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thesignaturegrom theinfraredlayer Theupperenengy level asso-
ciatedwiththeH, 1 0 S(1)transitioncorresponds anexcitation
temperatur®f nearly7000K. Emissionarisingfrom a cascadéol-
lowing moleculereformationis notaccountedor here(we assume
thatthe enegy releasedn reformationis efbciently redistrituted
into thethermalcomponenby collisions).

Fig.15displaysn grey-scaleshavingthelocationof theemission
asafunctionof time. Theintegratedemissions shavnin thepanels
ontheright. We alsoshav the2 1 S(1) emissionwhich arises
frommoreexcitedgas.The2  1S(1)spatialdistribution,however,
isverysimilartol 0 S(1)andsois notillustrated.

Thetop panelsdemonstratéhe characteristicsf a steadyshock,
producedby taking low abundancesNote that the central wall
slowly builds up in time with a constantvelocity, producingthe
expectedtriangularshape The H, emissionis spreadover a large
region, sincetheshockis dominatedspatiallyby theslowly cooling
gasbetweer4000and8000K. The integratedemissionof the H,
linesis constantwith thediagnosticdatioR  F[1 0S(1)] F[2

1S(1)] 16.Thisisconsistenwith therangeof valuesfrom R

2.5for thestandardsteadycaseto R~ 25for thereducedabun-
dancesxample[ (O) 1.0( 4)and (C) 2.3( 4)] takulated
by Hollenbach& McKee(1989).

Thebottomrow of Fig. 15shavsanexampleof largevariationsn
theintegrated3ux of theH, line in asimulationwheretheinstability
isactive. Thevariationdn1l 0S(1)areover anorderof magnitude.
This is causedy therapid appearanceanddisappearances the
whole 2001000K section.This causegheratio R to vary in the
range 1.5B80. Thetime-scalefor this variationis lessthan?2 yr,
with somesignipPcantvariationsin a time-scaleof months,in this
high-densityexample.

The CO Rux from a low-lying rotationallevel (dashedine) is
overwhelminglygeneratedn the cold downstreamgasat the wall,
andthusis simply relatedto theaccumulateaold masg(Fig. 15).

Variationsin theH atomicline Bux (notdisplayed)arepresent
but relatively smallsincethehotdissociategbartof thecoolinglayer
is preseredthroughoutTheshockfront speeddoesvary, however,
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Figure 12. Thedependencef the instability on abundance®f carbonand oxygen.The positionof maximumtemperatureasa function of time for four
combination®f nominalanddepletedC andO abundancess plotted.In thetop panel,simulation6E40is presentedywhich hasthedefaultabundancesf (C)
2.0( 4)and (O) 5.0( 4).Inthesecondoanel(top to bottom),simulation6D40-Ois displayedwhich hasabundance®f (C) 2.0( 4)and (O)
2.1( 4) andthusalmostall of the oxygenwill endupin CO andnot H,O. In thethird panelis simulation6D40-Cwith atundance®f (C) 1.0( 5)and

(O) 5.0( 4).Inthebnalpanelis simulation6E40-COwith atundancesf (C) 1.0( 5)and (O) 2.0( 5).Notethatthesimulationsn thelowerthree
panelswvererunwith similarzonesizes put thatthedecreasingoolingrateleadsto largercoolinglength-scaleanda changen theresolutionin the Pnal case.
Thetop two panelsdisplaydataevery 0.1yr, andin the bottomtwo panelsevery 2 yr.
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Figure 13. Changeof periodandamplitudeof theinstability in the carbon-depletedhocksimulation.We displaythe positionof oneshockin simulation
6D40-Cto latetimes,with 2-yr intervals betweendata.Note the dramaticchangen the characteof theinstabilityatt ~ 500yr. Justprior to this thereis a
seriesof pairedoscillations,with oneshallov dip followed by a deepeone.During thistime period(350 t  500yr), the othershockis completelyout of
phasewith thatshavn, with its own shallov anddeepcollapse.

1000

andthis generatesnoderatechangesn Rux. A morerecognizable
signatureof the instability is the patternof variation of the mean
radialvelocity of theH line whenviewedalongtheshocknormal.

4.2 Physicalinterpretation

Thecomplity andtime dependencef thetotal molecularcooling

Theradialvelocity goesthroughsporadicvariationsof over 10 km
s 1, accompaniedby large dips andrisesin Rux. As with theinte-
gratedH, line emissionabore, large variationsoccurin just afew
monthsat a densityof 10° cm 2 but take 30E60 yr at a densityof
10 cm 3.

function generatecomplex unstablepatterns Cooling (atomicand
H, dissociatve) following the shockfront is extremelyrapid, and
can be treatedas part of the shockfront itself. Theseprocesses
producea narrav spike in thetemperaturgroble (seeFig. 5). We
have thuscarriedoutalinearanalysisby modellingthe shockfront

c 2003RAS,MNRAS 339,133147
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Figure 14. Variationof shockpositionfor a single-shocksimulation.Herewe displaythe positionof maximumtemperaturén simulation6F40-1,which

hasonly oneshockandaref3ectingboundaryatthewall. We plot dataonceayearfor t

130yr, andevery 0.1yr thereafterNotetheinstability is still present

andthevariationof the shockpositionhasa periodandanamplitudesimilar to the two-shocksimulation6F40.

Figure 15. Spatialandtemporalvariationsof molecularemissionlines. We display the resultsfor two simulations,with dataevery 2 yr for simulation

6E40-COandevery 0.1yr for 6F40in thebottomrow. In eachrow, the brst paneldisplaysthe spatialvariationof theemissiorfrom Hy 1

secondhevariationof theCOO0

0S(1),andin the

0 R(1)emissionIn thesetwo plots,darker shadingndicatesmoreemissionsomostof theemissionin H; is from thepart

of thecoolinglayer closestto the centralwall. Similarly, the bulk of the CO emission contritutionsto whichincludea maximumspeeccut-of at 15kms 2,
is from thecentralwall. In therightmostpanelof eachrow, we shav thetemporalvariationof theintegratedemissionfrom thetwo linesmentionedabove (H2

1 0,solid;andCO,longdashedpndfor theH; 2

andthe rapidly cooling layer by jump conditionswith a rangeof
effective spechc heatratiosfor the shockfront of 1040. Hence,
the modelledfront treatsthe shock heating,atomic cooling and
dissociatve coolingasonediscontinuity Forthesubsequerntooling
layerweset g A linearinstabilityanalysisolvestheequations
aspresentedy Chevalier & Imamura(1982)but with the revised
shockfront boundaryconditions.

We bnd that the rapid cooling of the hot gashasa stabilizing
inBuenceon the shock(Smith & Rosen2002), as expectedfrom
a previous linear analysisthatincludeda secondsteepcomponent
(Saxtonet al. 1998). We indeedbnd that negative valuesof the
powerlaw index arerequiredto producdinearinstability (Smith
& Roser2002).For example with ashockcompressioifiactorof S

20, correspondingo 21 19,thebrstovertonegrowsfor

0 4 andthefundamentamodeonly for 4. We thusexpect
to bnd signibcantregimesin which higherharmonicsdominate.
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1 S(1)line (shortdashed).

The mary differentmanifestationof the instability have been
exploredandclassbed by Walder& Folini (1996). They propose
bve differentoscillationtypes.In particulay they bnd thatthe brst
overtoneexists in a strongform that resultsin a high-amplitude
quasi-periodicollapseandre-expansionof the shockwith the ap-
pearanc®f weaksubshockgM-type). They alsouncover asmooth
sinusoidamode(S-type).Somesimilarity of ourlong-termsimula-
tionswith their simulationssuggestshatthe brst overtonemay be
responsibléor muchof the behaiour recordedhere.Our simula-
tions,however, generallydemonstrateomplex behaiour with sev-
eralsuperimposedon-stationaryvaveformsusuallybeingpresent.

Thesimpleoscillationsencountereih theoxygen-depleteshock
simulationhave beenexaminedfor the harmonicsignaturesHere,
a simple wave form is presentthat revealsthe harmonicmode.
Whentheshockis atits maximumwidth, ahigh-amplitudevelocity
wave grows strongly nearthe wall. The wave representsnfalling
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materialandis accompanietby a strongmassinf3ux onto thewall.
Thisstrongrarefactionwave propa@tesoutwards,until it meetghe
collapsingshockfront, at which point the collapseis halted.The
shockfront re-expands,accompaniedy a muchsmoothereloc-
ity proble. This sequenceepeatshroughoutthe simulation. This
behaiour is a characteristiof the brst overtone,causedby the
velocity (Chevalier & Imamural982)andmassinow (Walder&
Folini 1996)beingout of phasewith the shockfront position.

The oscillating modeshave beendescribedas standingwaves,
with zerovelocity at a ref3ectingwall (the densecold layer) and
shalenat the shockfront (Chevalier & Imamural982). The wave
patternis analogouso thatin a half-openorganpipe (Saxtonet al.
1998).Thisyieldsa seriesof resonancewith theangularfrequen-
cies

n 2 (20 1)t (16)

wheret, is the periodof thefundamentaimode.Calculatecheriods
are 20.622.6and 6.77.1and 4.2, respectiely, in units of
L o, derived from alinearanalysis(Chevalier & Imamural982)
for intherange 1to % andshockswith acompressiofiactorof
S 4.Wederietherelationshipty, 2 (S 1) 16fromalinear
analysig{Smith& Roser2002);i.e.the(linear)instability periodis
approximatelyincreasedy the compressioriiactor

Now we wish to determinewhetherthe numericallyderived re-
sultsareconsistenwith thetheoreticabxpectationsA verydetailed
comparisoris notattemptederebecausehetotal coolingfunction
is complex. Thetotal coolingatthebeginningof theunstableshock
sectionat 6000K isestimatedasL;; 10 *n3 ( 40kms )2
ergcm 3s ! (seeFig. 2). Thedensityatthislocationisn; N mp

2 (kT) 32.2ng ( o 40km s 1). Hencethe cooling time-scale
at6000K is1.5n; KT Ly  120(10* cm 3/ng) yr. This agreesn
orderof magnitudewith thevariationtime-scalesn thesimulations.

The oscillationdynamicaltime-scales debnedasty Lo i,
where ; is thespeedof thegasat 6000K andL. 7 10%(10*
cm 2 ng) cm is measuredrom the simulations.This yields tq
200(10* cm 3 ng) yr. Hence therelevantcooling, dynamicaland
measuredariationtime-scalesreall comparable.

The theoreticallinear oscillation period describedabove is, for
theprstharmonic,1.3SL. o 190(10* cm 2 ng) yr on substitu-
tion for Sand L. Hencethe linear analysisis consistentwith the
numericalresults.

5 SUMMARY AND CONCLUSIONS

We have shavn thatthe coolinglayersof hydrodynamianolecular
shockswith speedsetween 30and 70km s ! aresubjectto
cyclic, potentiallylarge-scalecollapseandreformation.Thisis ow-
ing to aform of catastrophicoolingthatproducesanoverstability
causedy therapidformationof CO andH,O moleculesWhenC
andO arebothdepletedtheinstability is absent.

Quasi-periodioscillationsdominatesomesectionof the shock
simulations.Thetime-scaleof the variationsmay alsochangePe-
riodic oscillationsarepresentvheneitherCO or H,O dominatethe
cooling,ascontrolledby the C andO abundances.

Large variationsare predictedfrom thoselines producedn the
gaswith temperatureén the range100@EB000K. We have shavn
this explicitly for nearinfraredH, linesbut it alsoappliesto high-J
CO lines. Quite large radial velocity variationsare expectedfrom
emissiorlinesproducedn gasmoving with theshockfront, suchas
thoseassociateavith recombinatiorandcommontracersof weak
hydrodynamicshocksin the opticalrange suchasSi].

Theapplicatiorof theresultsarelimited by thefollowing assump-
tions. First, the magneticbeld mustbe eitherparallelto the shock
directionor musthave atrans\ersecomponentvith anAlfv enspeed

1 km s ! for the cooling function to remainunchangedabove
2000K. ShockRows with trans\ersemagneticheldscharacterized
bypre-shoclalfv enspeedsf2.4kms ! (shockspeedf30kms 1)
downto1.0kms ! (shockspeedf70kms 1) maintainthegradient
in the cooling thatinitiated the instability in the oxygen-depleted
simulation.We thus suspecthat theseRows will also exhibit the
instability. This needsto be veribed with magnetohydrodynamic
(MHD) simulations.Secondly the one-dimensionahnalysisdoes
not allow for otherinstabilitiesthat requiretrans\ersemotionsto
be presentTheseinstabilitiesdependon the spechc problemand
couldwell makethesignaturesnorecomplicatedointerpretin this
respectthespeckc signaturesromthelD resultsshouldallow usto
determinevhethembsenedvariationsarecausedy theinstability.
Thirdly, time-dependendbundance®f H, formationanddissoci-
ationareincludedbut equilibrium CO andH,O is assumedn the
simulations We have shavn herethatthe cooling functionderived
with anon-equilibriumchemistryis smoothethan,but hasa shape
approximatelysimilar to, thatassumingequilibrium for pre-shock
densitien in excessof 3 10° cm 3.

Low-resolutiomumericakimulationsshouldbetreatedvith cau-
tion. Whenthe sharpgradientsn atundancesresmearedut, ap-
parentlystableshockfronts may result. This is in additionto the
coarsemeshproblemsnotedby Walder& Folini (1996),whichcan
eliminateparticularmodes.

Theinstability occursin high-densityandlow-speedlissociatve
shocks.For shockswith speed ;  70km s !, the UV radiation
will inhibit thereformationof CO andH,O moleculeqHollenbach
& McKeel989).Hence werestrictourresultsto fastshocksbelov
this speedalthoughwe notethatunstableconditionsmayalsoarise
throughOH coolingfor ;  80km s ! (seebg. 12 of Neufeld&
Dalgarno1989a).

Largevariationdn shock-generategimissiorineshavebeenwell
documentedRecentlyChrysostomoegtal. (2000)foundvariability
ofthel 0 S(1)H; line over 4 yearsin severallocationswithin
HerbigbHaro (HH) objects Herbig& Joneq1981)documente@1
yearsof opticalstructuralariationan HH 1. In thefuture largeRux
variationswill be increasinglydocumentedshigherspatialreso-
lution will permit obsenationsof coherentshocksections.What
wouldmakeit possibleto associatéhesevariationswith aradiative
cooling instability? A seriesof simultaneouspectroscopiobser
vationsof emissionlinesin the opticalandinfraredwould provide
a comprehensk dataset.In the absencef suchinformation,we
have shavn herethat the interpretationof shocksas steadyf3ows
mayleadto misleadingresults.
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APPENDIX A: THE COOLING FUNCTION

Herewe describethe cooling function usedin the numericalcode
(equatior3) andin thepresenversionof thesteadymodeloutlined
in Section2.3.Thefunctionis composeaf 11 separatparts(oneof

which heatghegas) plustwo furthercomponentsvereintroduced
in the steadyshockmodels.

11
i (A1)
i1
Thecomponentareasfollows: ; isga$grain(dust)cooling, »is
collisionalcoolingassociateaith vibrationalandrotationalmodes
in molecularhydrogen, 3 is collisional cooling of atoms, 4 is
cooling throughrotationalmodesof waterinducedby collisions
with both atomicand molecularhydrogen, s is cooling through
vibrational modesof waterinducedby collisions with molecular
hydrogerand ¢ is for vibrationalmodesof waterinducedby colli-
sionswith atomichydrogen, - is coolingfrom thedissociatiorof
molecularhydrogen, g is heatingresultingfrom the reformation
of molecularhydrogen, 4 is coolingthroughrotationalmodesof
carbormonoxideinducedby collisionswith bothatomicandmolec-
ularhydrogen, 1 is coolingthroughvibrationalmodesof carbon
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monoxideinducedby collisionswith molecularhydrogenand 13
is cooling throughvibrationalmodesof carbonmonoxideinduced
by collisionswith atomichydrogen.Therefore we have excluded
OH cooling ( 13) and[O1] Pne structurecooling ( 1,) from the
presensimulations.

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

1 n?, (A2)
where,onassumingstandardiustproperties,
1 38 10®TIHT Ty
[10 08exp( 75 T)]emys tcn?® (A3)

In the presentalculationswe bx Tq4,¢ 20K, andhenceassume
thatthe dustcoolsvery rapidly afterthe shockfront, asjustibed by
Whitworth & Clarke (1997).

H, vibrationalandrotationalcoolingis basedon equationg7)b
(12) in Lepp & Shull (1983).We have shocktestedtheseformula
againsthedetailedsubroutinepresentedby Le Bourlot,Pineaudes
Foréts& Flower (1999)andfound no signibcantdifferencego the
detailedshockpropertiesWe thustake

I-vH LrH
1 (LVH LVL) 1 (LrH LrL)

wherethe vibrational cooling coefrcientsat high andlow density
are(thebrstformulacorrectsaprint error):

Ly 110 10 Bexp( 6744 T)egs? (A5)

2 Ny, (A4)

L. 818 10 “®exp( 6840 T)
[Nikni(0 1) Nk, (0 1)]ergs * (A6)

andthetermsky (0, 1) andk,(0 1) arethe 0 1collisional
excitationratesfandtheexp ( 6840 T) termcorvertstheseto de-
excitationrates],asfollows:

ki(0 1) 14 10 Bexp[(T 125) (T 577¢7] T T
10 10 *2T2exp( 1000 T) T T
(A7)
whereT, 1635K, and
kp,(0 1) 145 10 ?T12exp[ 28728(T 1190)] (A8)

Therotationalcoolingratecoebcientat high densityis

dex| 1924 0474 12472 if T T,

L 19 . (A9)
390 10 Pexp( 6118 T) if T T
whereT, 1087K, andx log (T 10000K). For low density

the coebcientis

L dex| 2290 0553 11482 if T T
o) . (A10)
A 138 10 Zexp( 9243 T) if T T
whereT, 4031K, and
077

Q(n) Nh, 12(nu)°"’ (A11)

Atomic coolingtakesthe expectedform

s N2 (A12)

wherewe have usedtable 10 of Sutherland& Dopita (1993)(with
Fe 0.5) for the form of , andwherean additionalthermal
bremsstrahlungermequalto 1.42 10 ?’T! 2 is addedto , for
T 10000K.
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Waterrotationalcoolingtakestheform:

4 (M, 139y)n(H0) 3 (AL3)
s 132 10 (T 1000) (A14)
where 1.3%0.3 log(T 1000) bts the values takulated by

Neufeld& Kaufmann(1993).
Cooling via watervibrationalmodesin collision with H, andH
is given by Hollenbach& McKee(1989):

5 103 10 26n|_|2n(H20)

T exp( 2325 T)exp( 475 T*?) (A15)
6 740 10 27nH 3n(H20)
T exp( 2325 T)exp( 345 T 9 (A16)

Thecoolingfrom thedissociatiorof moleculathydrogerfollows
theShapira& Kang(1987)modibcationstothelepp& Shull(1983)
form:

7 718 10 nfiKow, MuNk,kpH (A17)
where7.18 10 % emyisthe4.48eV dissociatiorenegy,
ko 12 10 ®exp( 52400 T)

[0 0933exp( 17950 T)] cni's * (A18)

kow, 13 10 ®exp( 53300 T)

[0 0908exp( 16200 T)] cms !t (A19)
with
1
1 1 1
10 n2f = = = (A20)
Ny Ny Ny

and Pnally, the critical densitiesfor dissociationby collisions of
molecularhydrogenwith atomichydrogenn;, andwith itself, n,,
arebtted by thefollowing approximations:

n. dex(40 0416x 032%%)cm 3 (A21)

n, dex(4845 13x 162%cm 3 (A22)

Heatingfrom thereformationof hydrogeris includingasa @ool-
ing&term, in thefollowing form:

8 7 (A23)
wheretherate -

nng(l )718 10 12 (A24)

kg is given in appendixB and

Henceweemploy to parametriz¢hefractionof release@negy
thatis thermalizedratherthanradiated.

Coolingvia COrotationaimodeghroughcollisionswith molecu-
lar or atomichydrogerhave beendescribedn McKeeetal. (1982).
We baseour coolingon their equationg5.2)55.5),

KT 1
1 ngng 15(N, Ne)t?

9 Ncon (A25)

wherethe meanspeedf themolecules 1 8kT ( mu,)and

ng 33 10°T12cm 3 (A26)
30 10 *T,**cm? (A27)
whereTs T 1000K. We alsohave settheaveragedensity n,

05(ny anz).

For CO vibrational cooling from collisions with H,, we wse
(Neufeld& Kaufmann1993)

10 183 10 Zny,ncoT exp( 3080 T)exp( 68 T3
(A28)

For CO vibrational cooling throughcollisions with atomic hy-
drogenwe use

11 128 10 24nH Nco
T!2exp( 3080 T)exp[ (2000 T)34 (A29)

Oxygencooling throughthe 63- m bne structureline hasbeen
includedin the steadyshockmodelandwe intendto includeit in
furthersimulationsin aform convenientfor large-scaledynamical
computationof molecularturbulence . We omit the calculationof
theupperenengy level thatgeneratethemuchwealer146- mline.
Thecoolingis thentakenas

1
282 10 %n A30
12 ol fri Amp fL ( )
whereA;y 8.9510 S is the spontaneousransitionrate,
O6exp( 228 T
fu il ) (A31)

1 06exp( 228 T) 02exp( 326 T)

is thefractionaloccupatiorof the®P; level in localthermodynamic
equilibriumandr.  ry  ru, with

rn [437 10 1270660 gexp( 228 T)

106 10 279800 2exp( 326 T)[(ny 048ny)
(A32)
and
i, [288 10 1T°3%06exp( 228 T)
668 10 M1TO3102exp( 326 T)nu, (A33)

arethe collisional rates(valueskindly providedby D. Flower), in-
cluding ratescalculatedby Jacquett al. (1992)for H, collisions
from which we have taken a singleweightedindex to combineor-
tho andparavaluesfor expedieng, with anorthoto pararatio of 3,
sufbciently accurateor the presenpurpose.

OH coolingis takenas(seeHollenbach& McKee1989)

13 284 10 Bn?T32 (A34)

APPENDIX B: THE CHEMISTRY

We considera limited network of chemicalreactions,which we
cantestin theseone-dimensionasimulationsandwhich is nottoo
cumbersoméo beincludedin three-dimensiondHD self-gravity
simulationsThesereactionsare:

WH H H,
(H, H 3H

(3)H, H, 2H H,
(4a)0 H, OH H
(4b)OH H O H,
(5)0H C CO H
(50)CO H OH C
(6a)OH H, H,O0 H
(6b)H,0 H OH H,.

Thebrstthreereactionsareincludedin a semi-implicitcooling-
chemistry step to calculate the temperatureand H, fraction.
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Reaction(1) takesplaceon grainsurfaceswith theratetakenfrom
Hollenbach& McKee(1979):

ke (3 10¥cm’s?t)
Ti2f,
1 004T Tgt2 2103T 810 T2
with afactor
fa [1 10000exp( 600 Ty)] * (B2)

whichmeanghatin oursimulations,f  is quitecloseto unity. Since
this formulais subjectto ongoingdebate(e.g.Bihametal. 2001),
onecanalsoalter f 5 to testthe sensitvity.

Dissociatiorrates(2) and(3) aregiven in AppendixA.

We bx freeoxygenandcarbonabundances, o(O) and o(C). We
thencalculateheequilibriumO, OHandCOalundancesassuming
thatthe COreactionsaremuchfasterthantheH,O reactionsThen,
the remainingfree oxygenis distributedinto O, OH andH,O, ac-
cordingto equilibriumabundancedn thismanneywe cancalculate
approximatelythechemistrywithin fastshockswithoutoverloading
thehydrocode At temperaturebelov 200K, equilibrium akun-
dancesareunlikely to be reachedwithin cooling layers.The main
error will be in the H,O abundancein gascooling belon a few
hundredKelvin, thecodewill predictthatthe oxygenwill bein O,
whereaghe H,O that formsin the shockwould remainas water
considerablyonger CO andga$yraincoolingdominate however,
betweenl000and8000K so thatthe shapeof the coolingfunction
in thisregionis still approximatelycorrect.

Predictedine strength®f O andH,O from thecoldgas however,
will bein error.

We bnd only smalldifferencesn publishedratesfor thesix reac-
tions (4)BX6) (e.g.Hollenbach& McKee 1989;PineaudesForéts,
Flower & Dalgarno1988).FromHollenbach& McKee(1989),the
two rates(4) are

(4a) 232 10 2T %exp( 3940 T)cm3s ! (B3)

(B1)

whereTzy T 300K, and,for simplicity, we assuméheH, isin
thegroundvibrationalstate and
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(4b) 660 10 BTi%exp( 2970 T)cm3s * (B4)

whichyield anequilibrium of

©) 04 n(H)

—_— 28T. 70T B
(OH) 028T59, " exp(9 )n(Hz) (BS)

In comparisontheformulaof PineawlesForétsetal. (1988)yields
©) n(H)

——— 045 1030 T B6
oM exp( )n(HZ) (B6)

With the alundanceof OH relative to O determinedthe CO
alundancaes thengiven through

(58) 111 10 °T ’cnPs?t (B7)

(5b) 111 10 “To2exp( 77700 T)cm®s ! (B8)

which combineto give anequilibrium CO alundance

(CO) (OH)
© 1 (©H) (B9)
where
77700 n

With the CO abundancaleterminedtheequilibriumH,0, O and
OH alundancesregiven by equation(B6) and

(6a) 880 10 BT exp( 1429 T)em’s ! (B11)
(6b) 744 10 *T;3 exp( 9140 T)cm®s * (B12)
which combineto give anequilibrium:
(OH) 038 7711 n(H)
4 — B1
(H,0) 845500 exp T n(Ha) (B13)

This paperhasbeentypesetfrom a TEX/IATEX Ple preparedy the author



