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ABSTRACT
Many astrophysical�o wsoccurin inhomogeneous(clumpy) media.We presentresultsof anumericalstudyof

steady, planarshocksinteractingwith asystemof embeddedcylindrical clouds.Ourstudyusesatwo-dimensional
geometry. Our numericalcodeusesan adaptive meshre�nementallowing us to achieve suf�ciently high reso-
lution bothat the largestandthesmallestscales.We neglectany radiative losses,heatconduction,andgravita-
tional forces.Detailedanalysisof thesimulationsshows that interactionof embeddedinhomogeneitieswith the
shock/postshockwind dependsprimarily on thethicknessof thecloudlayerandarrangementof thecloudsin the
layer. The total cloudmassandthe total numberof individual cloudsis not a signi�cant factor. We de�ne two
classesof cloud distributions: thin andthick layers. We de�ne the critical cloud separationalongthe direction
of the �o w andperpendicularto it distinguishingbetweenthe interactingandnoninteractingregimesof cloud
evolution. Finally wediscussmass-loadingandmixing in suchsystems.
Subjectheadings:hydrodynamics— shockwaves— stars:massloss— ISM: clouds— (ISM): planetary

nebulae:general

1. INTRODUCTION

Massout�owsplay a critical role in many astrophysicalsys-
tems ranging from starsto the most distant active galaxies.
Virtually all studiesof massout�ows to datehave focusedon
�o ws in homogeneousmedia.However, thetypical astrophys-
ical mediumis inhomogeneouswith the "clumps"or "clouds"
arisingonavarietyof scales.Theseinhomogeneitiesmayarise
dueto initial �uctuationsof theambientmassdistribution, the
actionof instabilities,variationsin the�o w source,etc. What-
ever theorigin of theclumpstheir effect canbedramatic.The
presenceof inhomogeneitiescan introducenot only quantita-
tive but alsoqualitative changesto theoverall dynamicsof the
�o w.

A numberof studieshave attemptedto understandthe role
of embeddedinhomogeneitiesvia (primarily) analyticalmeth-
ods (Hartquistet al. 1986; Hartquist& Dyson 1988; Dyson
& Hartquist 1992,1994;Redmanet al. 1998). In thesepio-
neeringworks it wassuggestedthat interactionsof the global
�o w with inhomogeneitiesmay causesigni�cant changesin
the physical,dynamical,and even chemicalstateof the sys-
tem. Two major consequencesof the presenceof clumpsare
mass-loading(i.e. seedingof material,ablatedfrom the sur-
faceof inhomogeneities,into theglobal�o w) andtransitionof
the global �o w into a transonicregime irrespective of the ini-
tial conditions.Thepaperscitedaboveconsideredthepotential
effectsof mass-loadingontheglobalpropertiesof anumberob-
jectsin which inhomogeneitiescanbe resolved. Suchobjects
includeplanetarynebulae,e.g.NGC 2392(O'Dell et al. 1990;
Phillips & Cuesta 1999),andNGC 7293(Burkert & O'Dell
1998),Wolf-Rayetstars,primarily RCW58,which is believed
to bemass-loadingdominated(Hartquistet al. 1986;Arthur et
al. 1996),andothers.

A numberof numericalstudiesof singleclumpinteractions
havebeenperformed(Klein etal. 1994)(hereafterKMC), (An-

dersonetal. 1994;Jonesetal. 1996;Gregori etal. 1999,2000;
Jun& Jones1999;Miniati et al. 1999;Lim & Raga 1999).In
thesepapersthebasichydrodynamicsor MHD of wind-clump
andshock-clumpphysicshavebeendetailed(oftenwith micro-
physicalprocessesincluded). A few studiesof shockwaves
overrunningover multiple clumpsexist in the literature(e.g.
(Junet al. 1996)). A detailedstudyof multiple clumpshow-
ever, whereanattemptis madeto articulatebasicphysicalpro-
cessesanddifferentiatevariousparameterregimes,hasnot yet
beencarriedout. In this paper, (andthosewhich follow), we
addresstheproblemof clumpy �o wsproviding adescriptionof
thedynamicsof multipledensecloudsinteractingwith astrong,
steady, planarshock.

Thelargeparameterspaceandcomplexity of theproblemre-
quiresigni�cant computationaleffort. To providethenecessary
resolutionof the �o w we have usedan adaptive meshre�ne-
mentmethod.This is a relatively new computationaltechnol-
ogyandbecauseof thiswehavechosento investigateso-called
adiabatic�o ws in which radiativecoolingis not considered.In
this regardourapproachis similar to thatdescribedby Klein et
al. (1994)for singleclumpsandwe will utilize their resultsin
understandingour multi-clumpsimulations.We notethatpre-
liminary results,appropriateto AGN,werepresentedin (Polud-
nenko etal. 2002).

Theplanof thepaperis asfollows. In Section2 we describe
thenumericalexperiments,thecodeused,andtheformulation
of theproblem.In Section3.1we considerthegeneralproper-
ties of the shock-cloudinteractionin thecontext of themulti-
cloud systems,primarily we focus on the four major phases
of the interactionprocess.In Section3.2 we discussthe role
of cloud distribution in determiningthe dynamicsof the sys-
temevolution. In Section3.3wede�ne severalkey parameters,
thatallow usto distinguishbetweenvariousregimesof shock-
cloud interaction.Finally, in Section3.4 we addressthe issue
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of mass-loadingin suchsystems.

2. NUMERICAL EXPERIMENTS

2.1. Descriptionof theCodeUsed

The codewe usedfor this projectis the AMRCLAW pack-
agewhich implementsan adaptive meshre�nementalgorithm
for the equationsof gasdynamics(Berger & LeVeque 1997;
Berger & Jameson1985;Berger & Colella 1989;Berger &
Oliger 1984).In theAMRCLAW approach,thecomputational
domainis associatedwith a logically rectangulargrid thatrep-
resentsthelowestlevel of re�nement(level 1) andthatembeds
thenestedsequenceof logically rectangularmesheswith �ner
resolution(levels2,3,...). Thetemporalandspatialstepsof all
gridsat a level L arere�ned with respectto thelevel L-1 grids
by thesamefactor, typically 4 in ourcalculations.Themeshra-
tios � t ��� x and � t ��� y arethenthesameonall grids,ensuring
stability with explicit differenceschemes.

Thesolutiononeachgrid is advancedvia asecond-orderac-
curateGodunov-type �nite volume methodin which second-
orderaccuracy is achievedvia �ux-limiting andproperconsid-
erationof transversewavepropagation.Themulti-dimensional
wave propagationalgorithmis basedon the traditionaldimen-
sional splitting with the Riemannproblemsolved in eachdi-
mensionby meansof aRoe-approximateRiemannsolver(LeV-
eque 1997). It shouldbe noted,that our implementationof
the Riemannsolver, basedon the Roe linearization,doesnot
useany additionalproceduresto ensuresatisfactionof theen-
tropy condition,asusuallyemployedfor this typeof Riemann
solver. Our analysisshows thatthenumericaldiffusionpresent
in the systemis suf�cient to prevent entropy-violating waves
from propagatingin thesystem.

The hydrodynamicequationswe solve are appropriateto
a single-�uid system,althougha passive tracer is introduced
in order to track advectionandmixing of the cloud material.
This wasimplementedasanadditionalwave family in theRoe
solver.

Ournumericalexperimentswereperformedona coarsegrid
with the resolutionof 50 � 100 cells and with the maximum
numberof re�nementlevelsequalto 3 (meaningthatthecoarse
grid associatedwith the computationaldomain embedsnot
more than two nestedhigher resolutionlevels). Eachhigher
level hasa temporalandspatialstepre�ned by the factorof 4
in comparisonwith the next lowest level andwe kept this re-
�nement ratio constantfor all levels. Suchsetupprovidesthe
equivalentresolution4 of 800� 1600cells. In orderto facilitate
comparisonof our numericalexperimentswith thoseof KMC,
we will describethe resolutionnot in termsof the equivalent
resolutionbut in termsof thenumberof cellsthat�t in theorigi-
nalmaximalcloudradiusa0, following theconventionof KMC.
Thenall of the runsdescribedherein our paperhave 32 cells
percloudradius.

KMC suggestedthata minimumresolutionof 120cellsper
cloud radiusis necessary. We have performedthesimulations
of the cloud-shockinteractionwith the resolutionof 120, 75,
and55 cells per cloud radius. Although we will not describe
the detailsof thoserunsin this paper, the principal difference
betweenthecaseswith maximumandminimumresolution,i.e.
120and32 cellspercloudradius,is the rateof instability for-
mation at the boundarylayers5. This doesnot seemto have

any signi�cant effecton theglobalpropertiesof theinteraction
or theaveragedcharacteristicsof the individual cloudablation
processes.Therefore,we �nd the resolutionof 30 cells per
cloudradiusandaboveto representaccuratelytheglobalprop-
ertiesof theinteractionprocessunderconsideration.Moreover,
30 cells percloud radiusis a reasonablecompromisebetween
maximizingthesizeof thecomputationaldomainandcapturing
asmany small-scalefeaturesof the interactionprocessaspos-
sible. We emphasizethat our problemrequiresa compromise
betweentheresolutionneededfor simulatingdetailsof individ-
ual cloudstructuresandcapturingtheglobal�o w pattern.

Finally, anotheraspectof this problemis theconnectionbe-
tweenthe spatialresolution(which naturallysetsthe smallest
scaleresolvablein thesimulations)andthediffusionandther-
mal conductionlengthscales.As we will seein section3.1.4,
viscousdiffusionandthermalconductionin arealphysicalsys-
tem operateat lengthscalescomparableto the sizeof a com-
putationalcell at thehighestre�nement level usedin our sim-
ulations.Therefore,in a realsystem,featuressmallerthanthe
onesthatcanberesolvedwith our resolutioncouldnot survive
overthedynamicaltimescalesrelevantto theproblem.Wewill
addressthis in greaterdetailwhenwediscussthemixing phase
of cloudevolution. Of coursenumericaldiffusionmustalsobe
consideredbut, asdiscussedabove,our compromiseresolution
appearsto satisfytheneedto capturebothsmallandlargescale
behavior.

2.2. Formulationof theProblem

We setup a two-dimensionalcomputationalvolume,associ-
atedwith theinitial conditionof N differentcloudsof radiusai
anddensity� i embeddedin theambientmediumof density� a,
andanincidentshockwave. Sinceall of theexperimentswere
performedin the Cartesiangeometry, the cloudsare actually
cross-sectionsof the in�nitely long cylinders.We will address
theimportanceof thecloudshapein moredetail in subsequent
work wherewe will considerthe fully 3-dimensionalcaseof
theshockinteractionwith sphericalclouds.Denotingthemax-
imum cloud radiuspresentin the systemasamax, our compu-
tationaldomainis 25amax � 50amax. This allows usto trackthe
dynamicalevolution of the systemover greatertemporaland
spatialintervalscomparedto the6amax � 16amax domain,con-
sideredby KMC.

All our calculationswere performedin a �x ed reference
frame in which both the cloudsand the ambientmediumare
stationaryat time t = 0. In this referenceframethe horizontal
axis is taken to be the x axis, the vertical axis - y axis. Ini-
tially both the cloudsandthe surroundingintercloudmedium
areassumedto bein pressureequilibriumandhavepressureP0.
Typically, theextentof theregion,occupiedby theclouddistri-
butionat timet = 0, is takento benotmorethan30-35%of the
horizontalextent of the computationaldomainwith XL offset
by 5%from theleft boundaryof thecomputationaldomainand
XR offsetby 35-40%.Table1 below, describingthenumerical
experimentsdiscussedin this paper, providesthedetailsof the
cloud distribution in eachsimulation. Figure1 illustratesthe
setupof thecomputationaldomainat t = 0.

In the mostgeneralcasewe assumeeachcloud to have the
samenonuniformdensity pro�le. The cloudshave constant
densityup to a smoothingtransitionregion at the cloud edge

4 By equivalentresolutionhereafterwe meantheresolutionof a uniform grid coveringall of thecomputationaldomainandpossessingthetemporalandspatialstep
of thehighestre�nementlevel.
5 For thecaseof lower resolutionthelower rateof instability formationmaybesomewhatcompensatedby theuseof thecompressive �ux limiters.
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which is achievedthrougha linearor tanh(r) function.We typ-
ically settheextentof thetransitionregion to theouter20%of
acloudradiusai andusethetanh(r) - typesmoothingfunction.
Therefore,theclouddensitypro�le is of theform

�

i(r) =

�

� 	

�

i = Const 
 0 � r � r i
�

a + �

i

2
+

�

a - �

i

2 �

tanh 
 r - ai+r i
2 �

tanh 


ai - r i
2 �


 r i � r � ai
(1)

Although thereis very little observationaldataavailablecon-
cerningthe internalstructureof embeddedcloudsthis particu-
lar choiceof thedensitypro�le seemsto bea suf�ciently good
approximationto therealphysicalcloudsandinhomogeneities.

In the simpleadiabaticinteractionof a cloud with a shock
wave thereare two dimensionlessparametersthat completely
de�ne the problem: Mach number of the blast wave, MS,
andthe densitycontrastbetweenthe cloud andthe intercloud
medium �

i �

�

i
�

a �

(2)

Therangeof valuesspannedby thedensitycontrast
�

canbe
quitelargeandis themostimportantparameterof theproblem.
For theastrophysicalsituationsof interestthis rangecanoften
cover up to 5 ordersof magnitude(from 10 to 106), present-
ing asigni�cant challengebothfor thenumericalmodelingand
for thesubsequentinterpretationandanalysisof theresults.In
orderto decreasetheextentof this dimensionof theparameter
space,we chosea “compromise”valueof the parameter

�

to
be500. Althoughtherunswe discussin this paperall usethis
valueof thedensitycontrast,we will brie�y discussnumerical
experimentswith 10 �

�

� 1000in theresultssection,partic-
ularly in thecontext of theproblemof massloading. We will
provide a more comprehensive study of scalingwith density
contrastin thesubsequentwork.

Anotherimportantparameteris theshockwave Machnum-
ber MS, de�ned with respectto the ambientmedium sound
speedCa = ( � P0 �

�

a)1� 2. We considera planarsteadystrong
shockwave propagatinginto the computationaldomainfrom
theleft. Sincewe operatein thereferenceframein whichboth
the cloudsandthe ambientmediumare stationary, the shock
wave Mach numbercompletelyde�nes the shockvelocity as
well as the conditionsof the postshock�o w. The conditions
in thepostshock�o w, namelythepostshockdensity �

PS, pres-
surePPS, andvelocity vPS, aredeterminedusingthe Rankine-
Hugoniot relations in the usual manner(Landau& Lifshitz
1959)6.

Shockwave Mach numbersin astrophysicalsituationscan
cover a largerangeof values.However, for strongshocksthe
problembecomespractically independenton the Mach num-
ber7. Indeed,the resultsof KMC show that for the difference
in MS of 2 ordersof magnitude(10- 1000)time evolution of
thesystemdoesnot differ by morethan15%. We will seethat
our analytical resultsfully corroboratethe presenceof Mach
scalingin theproblemunderconsideration.

We assumethat thestructureof thepostshock�o w doesnot
changein time for thedurationof thesimulations.An example
of suchsteadypostshock�o w is thewind from apost-AGB star
driving a shockwith a constantpostshock�o w structureinto a
slow wind ejectedduringthepreviousstagesof evolution. This
freesusfrom having to usethepressurevariationtimescaletP,
asde�ned by KMC, to constraina cloudsize,sincewe canset

tP ���

. On theotherhand,for blastwavesonecannotassume
a steadytime independentpostshock�o w (for example,SNR
blast waves) and the size of the cloudsis constrainedby the
conditiontCC �

tP asdiscussedby KMC (Klein et al. 1994).
HeretCC is the time necessaryfor the cloud internalshockto
traverseits radius(seeequation(10) for amorerigorousde�ni-
tion).

It shouldbementionedthat themaximumcloudsizeis still
constrainedby theconditionof theshockfront planarity. This
conditionis lessrestrictive thantheonediscussedabove,how-
ever it still requiresa clouddiameternot to exceed5- 10%of
theglobalshockwave front radius.This conditionis satis�ed,
for example,in thecaseof theinhomogeneities,or thecometary
knots, observed in suchplanetarynebulaeas NGC 2392and
NGC7293(e.g.(Burkert& O'Dell 1998)).

Thetimescalewe useto de�ne time intervalsin our numeri-
calexperimentsis thetimerequiredfor theincidentshockwave
to sweepacrossan individual cloud,calledtheshock-crossing
time,

tSC =
2amax

vS

 (3)

whereamax= a0 for clouddistributionswith identicalcloudsand
amax= max(ai) for clouddistributionsof varyingsizeclouds.

Dueto thescale-invarianceof oursimulations,onecan,using
speci�c valuesfor theshockvelocity andthesizeof the inho-
mogeneities,easilyconvertthetimeunitsusedin ourdiscussion
into thephysicalones.tSC is particularlyusefulto characterize
the problemsinceit hasclearphysicalmeaninganddoesnot
dependonaspeci�c densitycontrast,which is importantin the
caseof systemscontainingcloudsof differentdensity.

Note that except for the very short period of time when a
cloudinteractswith theshockfront, theformer �nds itself im-
mersedin apost-shock�o w or “wind” thepressureanddensity
of which vary only by several percentover the large rangeof
Machnumbers.SinceKMC showedthat theinitial interaction
with theshockfront doesnot alter theevolution of thesystem
for thevaryingMachnumber, thedetailsof theevolutionshould
not changeafter the shockfront passedthe cloud. Therefore,
conclusionsaboutMach scalingshouldbe valid both for the
durationsof cloud-wind interactionsdiscussedby KMC, and
for themuchlongerdurationsin ourexperiments.

One�nal remarkshouldbe madeconcerningthe boundary
conditionsusedin our experiments.In all runswe imposeda
constantin�o w attheleft boundary, describedby thepostshock
conditions,which is determinedusing the Rankine-Hugoniot
relations,andopenboundaryconditionsat the right, top, and
bottomboundaries.Thoseout�ow boundaryconditionswere
implementedvia 0-orderextrapolation.

2.3. Descriptionof theRuns

All of the runs discussedin this papercontaina Mach 10
shockwave as a part of the initial conditionsand embedded
cloudswith thedensitycontrastof 500.Table1 presentsasum-
maryof ournumericalexperiments.

In additionto thedependenceontheshockMachnumberand
the cloud densitycontrastthereareotherdegreesof freedom
presentevenin thesimplestadiabaticcase.Weconsideredhow
thedynamicalevolution, e.g. rateof momentumtransferfrom
theshockwave andshockdeceleration,massloading,mixing
of cloudmaterial,etc.of thesystemdependon

6 In ourdiscussionwe assumetheperfectgas,i.e. � = Const = 5
3 for cloud,intercloud,andpostshockmaterial.

7 This conclusionis truewith a restrictionthattheshockspeedvS is held�x ed.
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thenumberof cloudspresentin thesystem;
�

total cloudmass;
�

spatialarrangementof clouds;
�

individualcloudsizesandmasses.
In mostof the runswe constrainedourselvesto the caseof

identical clouds,varying only their numberandarrangement.
Radii of thecloudsin all runsexceptM14r is 2% of the hori-
zontalextentof thecomputationaldomain.In orderto simplify
considerationof the dependenceon a speci�c cloud arrange-
ment, most runs have a regular cloud distribution, wherethe
cloudsare placedin the verticesof the mesh,formed by the
centersof the cloudsin the run M14. In addition,we consid-
ereda moregeneralcaseof a randomcloud distribution with
randomcloudspatialpositionsandradii.

All of ournumericalexperimentswererunfor about100tSC
8.

By this time eachindividual cloudhasalmostcompletelylost
its identity andgaineda velocity comparableto thevelocity of
theglobal�o w. Mixing of cloudmaterialwith theglobalambi-
ent�o w is nearlycompletedby 100tSC aswell.

In orderto facilitateour analysis,we track temporalevolu-
tion of theglobalaveragesandone-dimensionalspatialdistri-
butionsof two quantities,namely

�

kineticenergy fraction, � kin = Ekin �

Etot �

�

volume�lling factor �! 

Dueto theadiabaticnatureof oursimulationsthekineticen-
ergy fractionallowsusalsoto trackthecomplementaryquantity
- thermalenergy fraction � term = Eterm

�

Etot = 1- � kin.
In order to obtain thosequantitiesfrom the complex data

structureof theadaptive meshsimulations,we projecttheval-
uesof the statevector from eachgrid of the AMR grid hier-
archy onto a uniform grid with the resolutionof the highest
re�nement level andthat is associatedwith the computational
domain.Suchprojectiondoesnot causelossof dataor its pre-
cision.Whenthisprojectionis done,wede�ne theglobalaver-
agesof the�rst quantityaboveas

"

� kin # 2D =

Ni
$

i=1

Nj
$

j=1

� kin % i j

NiNj &

' xmax

xmin

' ymax

ymin

� kin(x
�

y)dxdy

(xmax- xmin)(ymax- ymin)
�

(4)

whereNi , Nj arethenumbersof cellsof theprojectedgrid in the
x andy directioncorrespondingly. Suchaveragingallows usto
follow momentumtransferfrom theshockwave to thesystem
of clouds,in the caseof

"

� kin # 2D, and,via thecomplementary
quantityof theglobalthermalenergy fraction

"

� term # 2D, heating
of thecloudsystemandintercloudmaterial.

We also de�ne the one-dimensionalspatialaverageof that
quantityas

"

� kin # 1D(x) =

Nj
$

j=1

� kin % i j

Nj &

' ymax

ymin

� kin(x
�

y)dy

(ymax- ymin)
 (5)

Ourcodefollowsadvectionof apassivetracermarkingcloud
material. In orderto follow mixing of thecloudmaterialwith
theglobal�o w, wede�ne theglobalaverageof thevolume�ll-
ing factor

"

�

# 2D as the ratio of the total numberof cells con-
tainingcloudmaterialto the total numberof cells in thecom-

putationaldomain. We also de�ne the one-dimensionalspa-
tially averagedvolume�lling factor

"

�

# 1D asthevariationwith
thecoordinatex of the ratio of thenumberof cells containing
cloudmaterialin eachverticalrow of thecomputationalgrid to
thetotalnumberof cellsin theverticaldimension.

3. RESULTS

3.1. General Propertiesof theShock-CloudInteraction

Figures2 - 5 show the time evolution of a shockwave in-
teractingwith a singlecloud(run M1), threeclouds(run M3),
fourteenidenticalcloudsin theregulardistribution (run M14),
and fourteencloudsof randomsize in a randomdistribution
(run M14r). Shown arethe syntheticSchlierenimagesof the
systemat four different times for all four sequences.Each
imageis obtainedby calculatingthe densitygradientat each
point9, plottedonagrayscalewith thewhitedenotingzeroand
black- themaximumdensitygradient.Everyimagein eachse-
quenceroughly illustratestransitionsbetweentheevolutionary
phasesdiscussedbelow.

3.1.1. Initial CompressionPhase

After theinitial contact,anexternalshocktransmitsaninter-
nal forwardshockinto a cloud.This causescloudcompression
andheating. At the sametime a bow shockforms aroundthe
cloud. KMC subdivide this phaseinto two stages:initial tran-
sientandshockcompression.Ournumericalexperimentsshow
that,in general,their descriptionis applicablefor all clouddis-
tributionsexcept for the caseswhen individual cloudsareal-
mostin contactat time t = 0. The cloud interior is dominated
by the forward shockwave. In addition it undergoesfurther
compressiondueto therampressurefrom theglobalupstream
postshock�o w. A reverseshockformsat thedownstreamsur-
faceof the cloud due to the back�ow, causedby the global
shockconvergencebehindthecloud.This reverseshockin our
simulationsneverdetachesfrom thedownstreamsurfaceof the
cloud,but insteadpropagatessomesmalldistanceupstream(to-
wardtheinternalforwardshock)togetherwith theclouddown-
streamsurface.Moreover, typically the reverseshockis fairly
weakwith shockMachnumbersnot exceeding1.2 - 1.3. This
leadsto lowermaximumdensitiesin thecloudinterior reached
during this compressionphasecomparedwith KMC: we typ-
ically see ( i % max )

6( i % 0 as opposedto ( i % max )

10( i % 0, quoted
by KMC. The latter valuewasobtainedanalyticallyby KMC
usingtheassumptionof thecollision of two strongshocks,as
opposedto thecollision of a stronganda weakshockin real-
ity. Figure6 illustratesthemajor �o w structurespresentin the
systemduringtheinitial compressionphase.

Propagationof the forward shockin the cloud allows us to
de�ne anotherimportanttime scalegoverningtheevolution of
thesystemandde�ning thedurationof thecompressionphase:
thecloudcrushingtimetCC. This is thetime necessaryfor the
internal forward shockto crossthe cloud andreachits down-
streamsurface10

tCC =
2amax

vCS
 (6)

8 For comparison,theexperimentsconsideredin KMC, thathave comparableinitial cloud- ambientmediumdensitycontrast,wererun for about25tSC.
9 To bemoreprecise,thecalculatedquantityis thegradientof thedensitylogarithm.This makestheimagesclearerandeasierto understand.
10 This wastheprincipal time scalein thestudyof KMC, althoughthey de�ned it asasthetime necessaryfor the internalforwardshockto crossthecloudradius.
We have changedthede�nition in our work sincethede�nition of KMC did not actuallycorrespondto thedurationof thecompressionphase.Therefore,tCC in our
work is abouttwice thetCC de�ned by KMC.
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In theaboveexpressionvCS is theinternalforwardshockveloc-
ity andamax is againde�nedasa0 in thecasesof clouddistribu-
tionswith identicalclouds,andasmax(ai) in thecasesof cloud
distributionswith cloudsof varyingsize.Following KMC, the
velocityof theinternalforwardshockcanbewrittenas

vCS *

vS
+ 1, 2 -

Fc1Fst .

1, 2 /

(7)

wherevS is the velocity of the externalshock. The factorFst
relatesthe external postshockpressurefar upstreamwith the
stagnationpressureat the cloud stagnationpoint and hasthe
form (Klein et al. 1994)

Fst *

1+
2 0 16

1+6 0 55+ - 1, 2
0 (8)

ThefactorFc1 relatesthestagnationpressurewith thepressure
just behindthe internalforwardshockandhasanapproximate
valueof 1.3 determinedfrom numericalexperiments(Klein et
al. 1994).

While we will primarily usethe shock-crossingtime asthe
major time scale,we will occasionallygive time in termsof
the cloud crushingtime to facilitate comparisonwith the re-
sultsdiscussedby KMC. For thispurposeweexpressthecloud
crushingtime in termsof the shockcrossingtime. Recalling
thede�nition of tSC (9) wehave

tCC = 1

+ 1, 2
-

Fc1Fst .

- 1, 2 2

tSC 0 (9)

Therefore,for thecaseof + = 500

tCC = 12tSC
/

(10)

which agreesto abouta few percentwith theresultsof thenu-
mericalexperiments.

Theglobalpropertiesof the �o w at this stagearecharacter-
izedby theonsetof individualbow shocksaroundeachcloudin
a time of ordertSC. By theendof theinitial compressionphase
thoseindividualbow shocksmergeinto asinglebow shock11.

Finally, the downstream�o w, i.e. the �o w right behindthe
externalforwardshockfront, is effectedby theonsetof turbu-
lencein thetailsbehindtheclouds.

3.1.2. Re-expansionPhase

This phaseis initiatedafterthecloudinternalforwardshock
reachesthebackof thecloud.Thetwo majorprocessesthenoc-
cur: lateralexpansionof thecloudandtheonsetof instabilities
at its upstreamsurface. At this stageRayleigh-Taylor type in-
stabilitiesdominateat thecloud/ambient�o w interface.These
aredriven in part by the cloud expansionandincipient large-
scalefragmentation.The �o w downstreamwith respectto the
cloudsis dominatedby Kelvin-Helmholtzinstabilitiesoperat-
ing in the growing turbulent region. The combinedactionof

the lateralexpansionandthe instabilitiescausesthe cloudsto
take the“umbrella-type”shapeandeventuallybreakup.

In thecontext of thosetwo processes,the initial cloudsepa-
rationbecomesof key importancede�ning thesubsequentbe-
haviour of thewholesystem.We will seebelow that it canbe
usedto distinguishbetweenthetwo regimesof cloudevolution:
interactingandnoninteracting,andcan serve as the basisfor
classi�cationof clouddistributions. In subsection3.3 we will
give morerigorousdiscussionof the role of cloud separation.
For now we givea qualitative illustration.

Clouds,locatedfar enoughfrom eachother, arenot greatly
in�uenced by their neighboursand their interactionwith the
�o w proceedsindependentlyasdescribedby KMC. This case
is illustratedin Figure7. Comparedto the evolution of a sin-
gle cloud system,shown in Figure 2, the two cloudsevolve
up to thepoint of their destructionvery similarly to thesingle
cloudcase.However, cloudseparationscanbesmallenoughfor
themutualinteractionto manifestearlyduringthere-expansion
phase,asin Figure8. This mutualinteractioncauseschanges
primarily in the�o w betweenclouds.As aresultthelateralex-
pansionandgrowth of the Rayleigh-Taylor instabilitiesin the
cloudmaterialis affected.Thetails behindthecloudsarealso
deformedoutward(see,for example,aswell Figure3).

The unperturbedsupersonic�o w that forms behindthe ex-
ternalshockwave undergoesa transitionfrom a supersonicto
a subsonicregimeasit passesthrougha cloudbow shock.As
aconsequenceit suffersasigni�cant velocitydropwhosemag-
nitudeis larger for smallercloudseparationsdueto the larger
volumeof the stagnationzonein front of the clouds. Clouds,
acting as de Lavalle nozzles,then causethe �o w material to
re-accelerate.The �o w reachesa sonicpoint next to a cloud
corefor theregionsof the�o w adjacentto a cloud,andfurther
downstreamfor theregionsof the�o w locatedfurtherfrom the
clouds. It is importantto notethat this re-accelerationresults
in rarefactionof the �o w anda gradualdecreaseboth of ther-
modynamicanddynamicalpressure.Eventually, asa resultof
accelerationin the intercloudregion, the �o w becomeshighly
supersonicand�nally shocksdown througha stationaryshock
formeddownstreamof thecloudsto theregimecloseto theun-
perturbed�o w behindtheexternalshock(seeFigures7-8).

From the above discussionit is clearthat the lateralexpan-
sion velocity dependscritically on the cloud separation.For
suf�ciently low �o w speedsthe cloud materialwill expandat
the cloud internal soundspeed. With increasingglobal �o w
velocities(or, equivalently, with increasingvelocitiesof theex-
ternalshockfront) the lateralexpansionvelocity will increase
aswell. This velocity is limited, in principle,by the terminal
expansionvelocity into vacuum.

11 It shouldbenotedthatabowwaveformsinsteadof abow shockif theexternalpostshock�o w is subsonic,i.e. if

MPS = vPS 354

PPS
6

PS 7

- 18

2 9

1 :

With thepostshockconditions6

PS, PPS, andvPS determinedfrom theRankine-Hugoniotrelations(Landau& Lifshitz 1959),theabove criterion is satis�ed for the
following valuesof theexternalshockMachnumber
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3
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Sincein this paperwe considerthe externalshocks,Machnumbersof which aretypically above 5.0, we will hereafternot considerthepossibility of a bow wave
formation.
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For a �x edunperturbedupstream�o w, the�o w velocitynear
a cloudlateralsurface(facingthespacein betweentheclouds)
will be thehighestin thecaseof a singlecloudor a cloud lo-
catedfar from the neighbouringones. With decreasingcloud
separationthis velocity will decreaseas well, causinghigher
dynamicalpressureon the lateralsurfaceand,therefore,lower
lateralexpansionvelocities. This occursbecausethe velocity
dropacrossabow shockin thecasesof smallcloudseparations
is much larger due to a strongerstagnationeffect in between
thebow shockandtheclouds.Therefore,�o w adjacentto the
clouddoesnotreachvelocitiesashighasin casesof largecloud
separations12. Anotherway to look at this processis the fol-
lowing. The�o w adjacentto thecloudsurfacepassesthrough
a sonicpoint but, in thecasesof smallcloudseparations,den-
sitiesin thestagnationregion aremuchhigher. Thus�o w den-
sitiesat thesonicpoint nearthecloudlateralsurfacearemuch
higher. This leadsto lower soundspeedsand,therefore,lower
�o w speeds.

Following KMC, theeffectivelateral expansionvelocityvexp
canbede�ned astheinternalcloudsoundspeed

vexp = CC = vCS B

2C ( C - 1)D

1E

2

C +1 F

(11)

wherevCS is thevelocityof thecloudinternalforwardshock(7).
Ournumericalexperimentsprovethisto beaverygoodapprox-
imationduringalmostall of there-expansionphase.Theexpan-
sionvelocity exceedsthis valueby theendof there-expansion
phasedueto stagnationpressurein theregions,formedby the
Rayleigh-Taylor instability.

We arenow in apositionto articulatethetemporalevolution
of a cloudradiusin thedirectionperpendicularto theupstream
�o w aG (t). From the momentof their initial contactwith the
externalshockto the momentof their destruction,the clouds
�rst undergoslight compressionin thedirectionperpendicular
to the�o w andsubsequentlyre-expand.KMC'sanalyticmodel
did not explicitly includecloud compressionbut insteadtried
to accountfor its effectvia areducedmonotonicexpansionrate
from t = 0. SinceaG (t) is intimately relatedto the drag ex-
ertedon a cloud by the global �o w, the theoreticalrateof the
momentumpickup by a cloud (or the rate of cloud decelera-
tion in the referenceframe usedby KMC) differed from the
numericalresult. Namely, in Figure12bof thepaperby KMC
numericalandtheoreticalresultsarepracticallythesameup to
thetime H 2 I 0tCC, whentherateof clouddecelerationsuddenly
increasesandthe numericaland theoreticalresultsdrastically
diverge. This momentof time correspondsto the beginning
of the re-expansionphase,whenthecloudcross-sectionstarts
to increasecausingan increaseof the rate of the momentum
transferfrom the�o w to thecloud. To avoid this problemand
simplify anexpressionfor aG (t) we usethefollowing form for
evolutionof a cloudradiusnormalto the�o w,

aG (t) = J

a0
F

t K tCC
a0 +CC(t - tCC)

F

tCC K t K tCD I

(12)

Here,CC is givenby equation(11),andtCD is theclouddestruc-
tion time,de�ned below in equation(13).

3.1.3. CloudDestructionPhase

Dependingon the cloud separation,via the processof re-
expansioncloudsmaycomeinto contactandmergeinto a sin-
glecoherentstructure.Thissubsequentlyinteractswith the�o w

asawholeandeventuallybreaksup. Thusfor thecaseof small
cloudseparationswe cande�ne themomentof cloudmerging
astheonsetof theclouddestructionphase.For largecloudsep-
arationsin which individual cloudsget destroyed beforeever
merging,it is dif�cult to de�ne thepreciseonsetof thedestruc-
tion phaseasit may be effectively viewed asa part of the re-
expansionphase.

We de�ne theendof theclouddestructionphaseasthetime
whenthe largestcloud fragmentcontainslessthan50%of the
initial cloud mass. For single cloud systemsor systemsof
weakly interactingcloudswe de�ne the total time from t = 0
until the end of the cloud destructionphaseas the cloud de-
structiontimetCD,

tCD = L tCC = LNM tSC I (13)

Typically LOH 2 I 0 consistentwith KMC, and using equation
(10)we �nd L

M

H 24 in oursimulations.
In additionto tCD thereis alsoacloudsystemdestructiontime

tSD which we de�ne asthetime whenthelargestfragmentof a
cloud locatedfurthestdownstreamcontainslessthan 50% of
its initial mass.For thick layersystems(to bedescribedlater),
includingstronglyinteractingclouddistributions,tCD becomes
lessrelevant as a descriptionof the systemthan tSD because
tCD P

tSD.

3.1.4. Mixing Phase

After theendof thedestructionphasecloudmaterialveloc-
ity is still only a small fractionof theglobal �o w velocity (see
equation(36)below). ThevelocitydifferencepromotesKelvin-
Helmholtzinstabilitiesat thecloudmaterial- global�o w inter-
facesand,therefore,the transitionof thesystemto a turbulent
regime. Typically by the beginning of this phaseeachcloud
haslost its identity asa result of merging with neighbouring
clouds.As theindividualfragmentsbecomesmallerandtheve-
locity of theglobal�o w relativeto thecloudmaterialdecreases,
Kelvin-Helmholtzinstabilitiesgrow fasterthan the Rayleigh-
Taylor typeones.This eventuallyresultsin completedomina-
tion by theformerof thesmall-scalefragmentationandcauses
mixing of cloudmaterialwith the�o w (Klein et al. 1994).

In our numericalexperiments,asit canbeseenin Figures2
- 5, turbulentmixing producesa two-phase�lamentary system.
Theappearanceof suchatwo-phasesystemresultsbecauseour
codedoesnot includeviscousdiffusionor thermalconduction
restrictingall dissipative effects to numericaldiffusion only.
The latteractsat the lengthscalescomparablewith a cell size
at thehighestre�nementlevel.

Real dissipative effects also constrainthe overall stability
of cold denseplasmaembeddedin a tenuoushottermedium.
KMC consideredthe overall effect of thermalconductionon
thestabilityof suchtwo-phasemediaagainstevaporation.They
concludedthat thecloudablationtime dueto evaporation,ex-
pressedin termsof theshock-crossingtime tSC, de�ned in (3)
above,hastheform

tab = Q

9F( R

M0) S

2
C +1 T

1
2 U

Fc1Fst V

- 1E

2

tSC
F

(14)

where F( R

M0) is typically of order unity (Klein et al. 1994).
Therefore,for thecaseof our simulations,the typical ablation
timeis tab W

30tSC, or comparableto theclouddestructiontime.
12 It shouldbenotedthateventuallythevelocitiesreachedby the �o w downstreamafterpassingtheregion betweencloudsaremuchhigherand,consequently, the
strengthof thestationaryshockdownstreamis muchlarger in thecaseof smallcloudseparations.
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Onecanalsoestimateaneffectivedepthoverwhichdiffusion
andthermalconductionwill disrupttheboundarylayerbetween
the two phasesover a dynamicaltime-scale,tSC. This canbe
estimatedas follows (see(Kuncic et al. 1996)andreferences
therein).For viscousdiffusion

ddi f f X

(Ddi f f tSC)
1Y

2 = Z

2
[ \

a0

MSn0 ] p ^

1Y

2 _

(15)

HereDdi f f = ` vT a p is the coef�cient of viscousdiffusion, ` is
the effective path length betweencollisions in the cloud ma-
terial, vT a p = (kTp b

mp)1Y 2 is the protonthermalvelocity in the
ambientpostshockgas,tSC is theshock-crossingtime, de�ned
by equation(3), n0 is the initial cloud numberdensity,

] p is
theprotoncollisionalcross-section,andMS is theglobalshock
Machnumber. If weassumen0 X

1000cm- 3 then,for thecases
presentedin our simulations,ddi f f is about1% of the initial
cloudradiusor, equivalently, is about1

b

3 of a cell of thecom-
putationaldomainat thehighestre�nement level. For thermal
conduction,theeffectivedepthis

dterm X

(DtermtSC)
1Y

2 = Z

2
[

\

a0

MSn0 ] p c

mp

me d

1Y

2

^

1
Y

2

= ddi f f
c

mp

me d

1Y

4
_

(16)

Dterm = ` vT a e is thethermaldiffusioncoef�cient, ` is againthe
effective pathlengthbetweencollisionsin the cloud material,
vT a e = (kTe b

me)1Y 2 is thethermalelectronvelocityin theambient
postshockgas13, me is the electronmass,andotherquantities
have thesamemeaningasin equation(15). Thendterm is about
6% of a0, or equivalently, abouttwice the sizeof a computa-
tional cell at the highestre�nement level. Therefore,should
we have includedreal dissipative effects they would destroy
thesmallestresolvablestructuresoverthedynamicallyrelevant
time scales. Consequently, any further increasein resolution
without providing for the appropriatemechanisms,capableto
inhibit signi�cantly diffusion and thermalconduction,would
not provide additionalinsightsinto therealphysicalevolution
of a system.

The importanceof the dissipative effectsis, therefore,two-
fold. On onehand,it is thedynamicalstability of small scale
structuresand,on theother, it is theoverall stability of thesys-
tem as a whole. Considerthe stability of the initial system
againstdestructiondue to thermalconductionand diffusion.
Fromtheargumentsgivenabovedissipativeeffectspreventsur-
vival of the systemfor any dynamicallysigni�cant amountof
time. As a solutionto this problem,KMC suggestedthatweak
magnetic�elds inhibit thermalconductionanddiffusion. In-
deed,as it was shown by Mac Low et al. (1994), evolution
of weakly magnetizedcloudsduring the compressionandre-
expansionphasesdoesnot differ signi�cantly from the purely
hydrodynamicdescription.However thepresenceof magnetic
�elds would raiseother issues. During the mixing phasethe
systemundergoestransitionto turbulencewhich may amplify
the initially dynamicallyinsigni�cant magnetic�elds. Turbu-
lence can lower valuesof the plasmaparametere = Pg b

PB,
wherePg is the idealgaspressureandPB = B2

b

8f is themag-
neticpressure,to 1 or evensmallervalues.This mayalter the
evolution of the systemduring the later periodsof the mixing
phase.In this respectonly a fully magnetohydrodynamic study

of theevolution of a systemof cloudsinteractingwith a strong
shockis fully self-consistent(for a seriesof singlecloudMHD
studiessee(Mac Low et al. 1994;Gregori et al. 1999,2000;
Joneset al. 1996;Miniati et al. 1999;Jun& Jones1999)).

3.2. Roleof CloudDistribution

In order to characterizethe global properties of the
shock/cloudsysteminteractionwe plotted the time evolution
of theglobalquantitiesde�ned in section2.3 for therunsM1,
M2, M3, A5, M14, and M14r . Thoseplots are presentedin
Figures9 - 10.

Theimportantfeatureof thoseplotsis thestriking similarity
of the behaviour of systemscontainingsimilar cloud distribu-
tions.Thesystemscontainingfrom oneto � vecloudsarranged
in a single layer exhibit exactly the samerate of momentum
transferfrom theglobal �o w. This is manifestedby the linear
ratesof fractionalkineticenergy gih kin j 2D increasefrom t = 0 up
to t = 24tSC (seeFigure9). Thevalueof theslopefor those� ve
casesis 0

_

193 k 1
_

6%. The thermalenergy gih term j 2D behaves
complementarily. Suchbehavior of single layer systemscon-
traststhat of the multiple layer systems,namelythe runsM14
andM14r , whichwenow discuss.

The two fourteencloud runs have different cloud distribu-
tions(regularasopposedto random),differenttotalcloudmass
anddifferentcloud sizes. Nevertheless,the evolution of their
fractionalenergiesaresimilar. The rateof the kinetic energy
increaseduring compressionandre-expansionis the samefor
bothM14 andM14r andyet is differentfrom thatfor singlelayer
cases.Theslopein themulti-layercasesis alsopracticallycon-
stantthroughoutthetwo phaseswith values0

_

146 k 4
_

5%.
Note that for all casesthe kinetic (thermal)energy reaches

its maximum(minimum)at thetime t = 24tSC, or thetime, de-
�ned above astheclouddestructiontime tCD, even thoughfor
the fourteencloud runsthe cloud systemdestructiontime tSD,
de�ned above in subsection3.1.3,is greaterthantCD. Thefact
thatthekineticenergy peaksatt = 24tSC signi�es thatthecloud
destructiontime is thecharacteristictimescalefor theonsetof
the fully developedturbulencein thesystem,which limits the
ultimategrowth of thekinetic energy fraction. We will discuss
this in greaterdetail in subsection3.3.2.

After passingthroughits maximum,thekinetic energy frac-
tion begins to decreasedueto the transitionto turbulenceand,
consequently, turbulentenergy dissipation.It is dif�cult to de-
�ne avalueof theslopefor themixingphasedueto thecomplex
natureof the turbulent �o w but theaveragerateof kinetic en-
ergy dissipationin thesystemis l 0

_

013 k 27%for thesingle
layer systemsand l 0

_

015 k 25%for themultiple layer ones.
The proximity of thesetwo values(within the standarderror)
is evidencethatthesystemshave lost any uniquedetailsof the
initial clouddistributionanddevelopedturbulencethatdepends
primarily on therateof energy inputat thelargestscale,i.e. on
therelativevelocityof theglobal�o w with respectto thecloud
material.

The time evolution of the volume�lling factor gnm

j 2D is an-
otherexampleof thesimilarity in behaviour of singlevs. mul-
tiple layer systems.As canbe seenin Figure10, the rateof
cloudmaterialmixing into theglobal�o w is similar for thesin-
gle layer systemsbut is different from that in multiple layer
ones.Thehighermixing ratein thecaseof multiple layerdis-
tributionsresultsbecauseupstreamcloudspick up momentum

13 WeassumethatelectrontemperatureandprotontemperatureareequalTe = Tp.
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fasterthanthedownstreamones.Upstreamcloudspromotede-
structionof the downstreamonesand consequentlythe over-
all mixing of the system. The most importantfeatureis that
the slopesof the two fourteenclump runs, that have differ-
ent cloud distributions and different total clump mass,from
time t = 0 to roughly t = 35tSC, when they both reachtheir
maximum, is the samewith d onprq 2D s

dt t 0 u 196 v 3 u 9%. In
casesof singlelayerrunsthedifferencesaresomewhatgreater
(d onprq 2D s

dt t 0 u 067 v 25u 9%). However this is primarily due
to the fact that small numbersof clumpsexhibit statisticalbe-
haviour to thelesserextentanddetailsof individualclumpevo-
lution aremoreimportant.With increasingnumberof clumps,
even thoughthe distribution doesnot change,the slopesbe-
comemoresimilar: for the runsM3 andA5 theslopevalueis
d onpwq 2D s

dt t 0 u 078 v 7 u 1%. Note that all of the single layer
runsundergo a slight breakaroundt = 25tSC, which is associ-
atedwith clumpbreakup14.

Theseresultsleadusto concludethatclouddistributionplays
a more important role than the numberof cloudsor the to-
tal cloud mass.We usethis conclusionin the next sectionas
the foundationfor classifyingpossibleclouddistributionsand
de�ning thegeneraltypeof thecloudsystemevolution in each
category.

3.3. Critical DensityParameter

We have seenthat the cloud distribution plays the de�ning
role in determiningtheevolution of a shock-cloudsystem.We
now quantifythis statementandde�ne criteriafor determining
thebehaviour of agivensystem.

We de�ne a setof all possibleclouddistributionsfor a given
numberof cloudsN. We consideronly thecloudsof equalor
comparablesize and densitycontrast. We de�ne eachset of
clouddistributions x N for any givennumberof cloudsN to be
a setof all possibleN pairsof cloudcentercoordinates,satis-
fying two conditions: (1) eachpair of cloudsis separatedby
someminimum distancermin and(2) cloudsarecon�ned to a
layer extendingfrom the position XL to the position XR (see
Figure1):y

N z 1 : x N {}|

(xi ~

yi) ~

1 • i • N : r i j =
€

(xi - x j)2 +(yi - y j)2 •

1
2

z rmin t 2a0 ~

xi ‚

[XL ~

XR] ƒ„u

(17)

Next, we considerthecompletesetof all possibleclouddis-
tributions … for all possiblecloudnumbersde�ned as

… = †

N ‡ 1

|

x N ƒ„u (18)

We de�ne within this set … thetwo subsets:a subsetof “thin-
layer” cloud distributions … I and a subsetof “thic k-layer”
clouddistributions … M sothat

… I ˆ

… M = … and … I ‰

… M {‹Š

u (19)

In our numericalexperimentsthosetwo subsetsareassociated
with thesinglerow andmultiple row distributions.

In orderto give a precisede�nition of thosetwo fundamen-
tal classesof cloud distributionswe needto introduceseveral
auxiliaryquantities.

3.3.1. CloudVelocityandDisplacement

We now estimatethe distancethat the cloud materialwill
travel beforethecloudbreakup,i.e. within thetimetCD.

Theequationof motionof acloudin thestationaryreference
frameof theunshockedambientmediumtakestheform

mC
dvC

dt
=

1
2

CD Œ PS|

vPS- vC ƒ

2AC(t)
~

(20)

wheremC is themassof thecloud,vC is thecloud velocity in
thestationaryreferenceframe,CD is theclouddragcoef�cient,

Œ PS is theundisturbedpostshock�o w density, andAC(t) is the
cloudcrosssectionareanormalto the �o w. It shouldbenoted
that this equationis valid only until the cloud destructionis
complete,i.e. until t t tCD. Fromthis point on we assumethat
thedragcoef�cient CD t 1 which is a rathergoodapproxima-
tion for a cylindrical body embeddedin a supersonic�o w of
MPS = 1 u 31 (see(Klein et al. 1994;Bedogni& Di Fazio1998;
Miller & Bailey 1979)).

Let usassumefor amomentthatthecloudshave�nite extent
in thez-direction:z0. Notethatthen

mC =
Œ 0 •

a2
0z0 ~

(21)
where

Œ 0 is the cloud densityanda0, z0 arethe cloud dimen-
sionsat timet = 0. Moreover, thecrosssectionareais

AC(t) = 2aŽ (t)z0 ~

(22)
whereaŽ (t) is the cloud radiusin the directionnormal to the
�o w. Substitutingequations(21) and (22) into equation(20)
andusingequation(12) for aŽ (t) we get the following modi-
�ed equationof motion15

dvC

dt
= Œ PS

Œ 0 •

a2
0

|

vPS- vC ƒ

2aŽ (t) u (23)

This equationdescribesmotion of the cloud asa resultof its
interactionwith thepostshockwind. However, we alsoneedto
accountfor thevelocitythatthecloudmaterialacquiresafterits
initial contactwith theexternalshockfront. This velocitymay
becomparableto thevelocityacquiredduringthecompression
andre-expansionphasesand, therefore,mustbe carefully in-
cludedinto consideration.

Recall that the initial contactof the incident shock front
drivesan internal forward shockinto the cloud with velocity
vCS. Cloudmaterialbehindtheinternalshockfront gainsa ve-
locity vC • PS, thatcanbedeterminedfrom theRankine-Hugoniot
relationsin theusualmanner,

vC • PS=
2vCS

• +1 ‘

1-
1

M2
CS ’

u (24)

Here MCS is the Mach numberof the cloud internal forward
shock,which canbe expressedin termsof the externalshock
Machnumberasfollows

MCS =
vCS

CC • 0
= MS

€

Fc1Fst
•

1“ 2
~

(25)

whereby CC • 0 we denotedthe soundspeedin the unshocked
cloud materialandused(7) for vCS. For the simulationsdis-
cussedin this paper( ” = 500 and • = 5

s

3) the internalcloud
shockMachnumberis MCS = 1 u 86MS = 18u 6.

Substitutingequation(7) for vCS andequation(25) for MCS
into equation(24), andexpressingthe externalshockvelocity
vS in termsof theunperturbedupstreampostshockvelocityvPS,
weobtainthefollowing expressionfor thevelocityof thecloud
materialdue to the cloud interactionwith the external shock
front

vC • PS= vPS •

€

Fc1Fst
•

1“ 2

‘

M2
S -

€

Fc1Fst
•

- 1

’

”

1“ 2
€

M2
S - 1• –

= vPS—

u (26)

14 Thepresenceof themaximumvaluesin ˜š™œ› 2D in Figure10 for all runsis dueto theeventuallossof thecloudmaterialthroughtheout�ow boundaries.
15 Note,thatfrom now onwewill omit theclouddragcoef�cient consideringit to beequalto 1.
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For thecaseof MS = 10, • = 0 ž 084. Note that for the limiting
caseMS Ÿ¡ 

thevalueof • remainspracticallyunchangedat
0 ž 083which corroboratesthepreviously discussedMachscal-
ing.

Finally, makinguseof thefactthattherelativevelocityof the
postshock�o w with respectto thecloudis now (vPS- vC ¢ PS- vC),
wecanintegrate(23)andobtainthefollowing form of thecloud
velocity

vC(t) = £¤

¥

¤¦

vPS §

1-
1

At +(1- • )- 1 ¨ª©

t « tCC

vPS §

1-
1

AB(t - tCC)2 +A(t - tCC) +C ¨N©

tCC « t « tCD
©

(27)
wherewe introducedthefollowing quantities

A = ¬

PSvPS

¬

0 ­

a0
=

1
tSC ®°¯²±

­

2 §

2
³ +1 ´

1-
1

M2
S µ

¨

- 1
- 1¶

- 1

; (28)

B =
CC

2a0
=

1
tSC ®

1· 2
¯¹¸

Fc1Fst º

1· 2

±

3³ ( ³ - 1)
4(³ +1)

¶

1
· 2

; (29)

C = 12AtSC +(1- • )- 1
ž (30)

The unperturbedpostshockquantities
¬

PS and vPS are deter-
minedfrom the Rankine-Hugoniotconditions(Landau& Lif-
shitz 1959),Cc is thesoundspeedin theshockedcloud,de�ned
by equation(11),andthefactorFst is de�nedby therelation(8).

The �rst quantity A relatesthe speci�c momentumof the
postshockwind to thecloudinertia(mass).Thusit de�nes the
rateof themomentumpickup by a cloud during thecompres-
sion phase,when the cloud dimensiontransverseto the �o w
doesnot increase.The secondquantityB is the inversesound
crossingtime in acompressedcloud,i.e. at theendof thecom-
pressionphase,againfor theclouddimensiontransverseto the
�o w. This quantitydeterminestherateof thecloud lateralex-
pansion.Therefore,during the re-expansionphasethe regular
momentumtransferfrom the wind to the cloud, describedby
A, is augmentedby the cloud lateralexpansion,describedby
B, which comesasanadditionalfactorin thequadraticdepen-
denceont. QuantityC ensurescontinuityof thecloudvelocity
duringthetransitionfrom thecompressionto there-expansion
phase.

Next, integrating(27) from time t = 0 ž 0 up to the cloudde-
struction time t = tCD we can determinethe displacementof
cloudmaterialduringthecompressionandre-expansionphases

LC(t) =

£
¤

¤

¤

¤

¤

¤

¤

¤

¤

¥

¤

¤

¤

¤

¤

¤

¤

¤

¤¦

vPS
±

t -
1
A

ln
§

(1- • )At +1̈ ¶

©

0 « t « tCC

vPS
±

t -
1
A ´

2
q

tan- 1 (t - tCC)q
(t - tCC) + 2C

A

+ln
§

(1- • )AtCC +1̈
µ

¶

©

tCC « t « tCD
©

(31)
whereq= » 4BC ¼ A- 1. Thisallowsusto estimatethetotaldis-
placementacloudincursbeforeits destruction,calledthecloud
destructionlength,

LCD = LC(tCD) ž (32)

In orderto geta clearerunderstandingof thegeneralexpres-
sions(27) and(31) let usconsiderthetwo cases:thecasepre-
sentedin oursimulationswith MS = 10andthelimiting caseof
MS Ÿ� 

. We will assumein bothcasesthedensitycontrastof
®

= 500ž 0 and ³ = 5¼ 3.
First,we rewrite (27)as

vC(t) =

£¤

¤

¤

¤

¤

¤

¤

¤

¤

¥

¤

¤

¤

¤

¤

¤

¤

¤

¤¦

vPS
±

1-
§

t
tSC

a1 +a2
¨

- 1
¶

©

t « tCC

vPS
±

1-
§

´

t
tSC

- 12
µ

2

b1

+
t

tSC
a1 +a2

¨

- 1
¶

©

tCC « t « tCD

(33)

In the�rst caseof MS = 10thecoef�cients a1, a2, andb1 have
thefollowing values

a1 = 1 ž 79
¯

10- 3; a2 = 1 ž 09; b1 = 8 ž 35
¯

10- 5
ž (34)

Substitutingtheseinto the expression(33) we �nd that at the
end of the compressionphase,i.e. at the time t = 12tSC, the
cloudvelocity is 10% of the postshockvelocity vPS and7 ž 5%
of the shockvelocity vS. On the otherhand,at the endof the
re-expansionphase,i.e. at thetimet = 24tSC, thecloudvelocity
is 12ž 66%of vPS and9 ž 4%of vS.

For thecaseMS Ÿ½ 

theabovecoef�cients havethevalues16

a1 = 1 ž 83
¯

10- 3; a2 = 1 ž 09; b1 = 8 ž 51
¯

10- 5
ž (35)

Substitutioninto theexpression(33)givesusthemaximumval-
uesof thevelocity thata cloudcanreachin thecaseof an in-
�nitely strongshock:

vC ¢ max = 10ž 1
¯

10- 2vPS = 7 ž 55
¯

10- 2vS
compressionphase;

vC ¢ max = 12ž 8
¯

10- 2vPS = 9 ž 57
¯

10- 2vS
©

re- expansionphasež

(36)

Similarly, wecandeterminethevaluesof clouddisplacement
for thetwo cases,consideredabove. Expression(31)for LC can
berewrittenasfollows

LC(t) =
£
¤

¤

¤

¤

¥

¤

¤

¤

¤¦

a0c1
±

t
tSC

-
1
a1

ln
§

t
tSC

§

a1

a2
¨

+1̈ ¶

©

0 « t « tCC

a0c1
±

t
tSC

- c2 tan- 1
§

t
tSC

- 12
t

tSC
c4 +c5

¨

- c3 ¶

©

tCC « t « tCD
©

(37)
wherefor thecaseMS = 10 thecoef�cients a1 anda2 have the
valuesde�ned in (34), andfor MS Ÿ¾ 

the valuesde�ned in
(35).

In thecaseMS = 10thecoef�cients c1, c2, c3, c4, andc5 have
thevalues

c1 = 1 ž 49; c2 = 104ž 17; c3 = 10ž 89;
c4 = 9 ž 34

¯

10- 2; c5 = 113ž 72ž

Substitutioninto theexpression(37) givesusthedisplacement
thatthecloudmaterialundergoesby theendof thecompression
andre-expansionphases:1 ž 6a0 and3 ž 5a0 correspondingly.

In thelimiting caseMS Ÿ¿ 

thevaluesof thecoef�cients c1,
c2, c3, c4, andc5 arethefollowing

c1 = 1 ž 5; c2 = 103ž 22; c3 = 10ž 9;
c4 = 9 ž 43

¯

10- 2; c5 = 112ž 56ž

16 Notethattheassumptionhereis thesame,asin thediscussionof Machscaling,namely, while increasingtheshockMachnumber, wekeeptheshockfront velocity
in thestationaryreferenceframeto beconstant.
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Substitutingthesecoef�cients into theexpression(37) we �nd
that by the end of the compressionphasethe cloud is dis-
placedby the distanceof 1 À 65a0, whereasby the end of the
re-expansionphasethedisplacementis 3 À 53a0.

It is clearfrom theresults,obtainedabove, thatboththeve-
locity andcloud displacementvaluesin the caseMS = 10 are
practically identical to the maximumvalues,achieved in the
limiting caseof MS ÁÃÂ

. Therefore,our resultsobtainedfor
thecaseof a Mach10 shockcanbeconsideredasthe limiting
onesfor thecasesof strongshocks.

Theseresults,derivedfor singlecloudsor systemswith large
separation,arein goodagreementwith numericalexperiments.
Typically themaximumdifferencebetweennumericalandana-
lytical valuesof cloudvelocityandpositionneverexceeds10%.
Theanalyticalresultsareusuallyanoverestimateof thenumer-
ical ones. This is due to a slight overestimationof the initial
velocitygainafterthecontactwith theexternalshockfront and
becauseweassumedthecloudcross-sectionto beconstantdur-
ing the compressionphase,whereasit undergoesa small de-
creasein theexperiments.

Therefore,themaximumdistanceacloudwith adensitycon-
trastof 500cantravel beforeits destructionafter the initial in-
teractionwith a strongshockis

LCD Ä max Å

3 À 5a0 À (38)
Finally, it shouldbe notedthat the valuesof the maximum

cloud velocity at the momentof breakupvC Ä max, given in the
expression(36), and the maximum cloud destructionlength
LCD Ä max, given in the expression(38), arestill functionsof the
cloud - ambientmediumdensitycontrastÆ . Therefore,for a
differentvalueof Æ thevaluesof vC Ä max andLCD Ä max shouldbe
determinedbydirectevaluationof theexpressions(27)and(31)
17. Although the changein vC Ä max canbe quite signi�cant, we
�nd that LCD Ä max doesnot changeso prominentlywith vary-
ing Æ . For example,for Æ = 40À 0, which is more thanan or-
der of magnitudeless than the value Æ = 500À 0 usedabove,
vC Ä max = 36À 5 Ç 10- 2vPS, which is almostthreetimes the value
givenin theexpression(36). However, thecorrespondingvalue
of LCD Ä max Å

3 À 54a0, which is only a 1% increasecomparedto
the value in the expression(38). This is due to the fact that
cloudswith lower densityacceleratefaster, however their de-
structiontime is shorter. Therefore,even thoughthe valueof
thecloudvelocityatthetimeof breakupshouldbeevaluatedfor
eachparticularvalueof Æ , the cloud destructionlengthvalue
given above in the expression(38) can be usedwith a suf�-
ciently high accuracy over the full rangeof densitycontrasts
consideredin this work, i.e. Æ = 10- 1000.

3.3.2. Critical CloudSeparation

We�rst de�ne theaveragecloudseparationbetweenaclump
andits nearestneighbour, projectedon to the directionof the
�o w ÈÊÉ xN Ë

andperpendicularto it ÈÊÉ yN Ë

, for a given cloud
distribution,

ÈÊÉ xN Ë

=
1
N

N
Ì

i=1

min
j Í [1 Ä N] ÎÐÏ

xi - x j
ÏÒÑÔÓ

(39)

ÈÊÉ yN Ë

=
1
N

N
Ì

i=1

min
j Í [1 Ä N]

ÎÐÏ

yi - y j
ÏÒÑ

À (40)

We canalsode�ne a maximumcloud separationprojectedon
to thedirectionof the�o w, or the“cloud layerthickness”,

( É xN)max= max
i Ä j Í [1 Ä N] Î?Ï

xi - x j
ÏÕÑ

À (41)

Now we arein a positionto give a precisede�nition of the
“thin-layer” and“thick-layer” systems.Wede�ne adistribution
of cloudsto belongto thesubsetÖ I if its maximumcloudsepa-
ration ( É xN)max doesnot exceedthe cloud destructionlength
LCD. The distribution belongsto the subsetÖ M in all other
cases:

Ö I ×

ÎœØ

N : ( É xN)max Ù

LCD
ÑÔÓ

Ö M ×

ÎœØ

N : ( É xN)max Ú

LCD
Ñ

À

(42)

A moreintuitive way to look at this classi�cationis thefol-
lowing. As wehaveseen,acloudinteractingwith thepostshock
�o w re-expandsandbreaksup beforeit proceedsinto themix-
ing phase.Theabove criteriontells us if any cloudor a row of
cloudswill completeits destructionphaseprior to encountering
any othercloudslocateddownstream.The de�nition (42) ap-
pearsto draw ratheraccuratelytheline betweencloudsystems
of two types.

In practicethemaximumcloudseparation( É xN)max (eq.41)
is simply thethicknessof thelayerof inhomogeneitiesin a real
systemandshouldbe comparedagainstthe cloud destruction
length.This thicknesscanbeobtainedfrom theobservationsof
a particularobjector it canbefoundanalytically, e.g. via con-
siderationof instabilitiesat theinterfacebetweentwo �o ws.

Having de�ned thetwo classes,or subsets,of clouddistribu-
tionswenow considerthebehaviour of thecloudsin eachclass.
First we considerÖ I , the “single-row” distributions. On aver-
age,by the time thecloudsaredisplacedby thedistanceLCD,
all of themwill be destroyed andwill proceedto the mixing
phase.Thus time of the destructionshouldbe approximately
tCD Û

tSD.
The questionariseswhethercloudswill interactduring the

processof re-expansionand destruction. We can give a for-
mal criterion for this. Considertwo clouds with separation

ÈnÉ yN Ë

= d and( É xN)max Ù

LCD. Both cloudswill expandlat-
erally at thevelocity vexp de�ned by theexpression(11). Con-
sequentlythetime for thecloudsto comeinto contactis

tmerge Å

d - 2a0

2vexp
À (43)

Suchre-expansionstartsafterthecloudcompressionphase,i.e.
afterthetimetCC andcannotproceedbeyondtheclouddestruc-
tion time tCD. Therefore,settingtmerge = tCD - tCC we �nd the
following critical cloudseparationtransverseto theglobal�o w

dcrit = 2 Ü a0 +vexp(tCD - tCC) ÝœÀ (44)

Substitutingexpression(11)explicitly for theexpansionveloc-
ity andexpression(13) for thecloud destructiontime into the
equation(44)we obtain

dcrit = 2a0 Þ

tCD - tCC

tSC ß

Fc1Fst

Æ à

1á

2

ß

3â ( â - 1)
â +1 à

1á

2

+1 ãäÀ (45)

In otherwordscloudswhoseseparationtransverseto the �o w
is lessthandcrit will comeinto contactandmergebeforetheir
destructionis completed.Therefore,their evolution duringthe
destructionphase(and for the most part of the re-expansion
phase)cannot beconsideredastheevolution of two indepen-
dentclouds.

Thecritical separationdoesnot dependon theglobal shock
Machnumberin consistency with theMachscaling,discussed

17 Note,thatdependenceon å alsocomesvia theclouddestructiontimetCD thatshouldbesubstitutedinto theexpressions(27) and(31).
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above. Therefore,this parameteris universal for all strong
shocksandfor all possibledistributionsfrom thesubsetæ I . For
thecaseç = 5è 3 and é = 500we �nd thecritical cloudsepara-
tion to beapproximately

dcrit ê

4 ë 2a0 ë (46)
For clouddistributionsfrom thesubsetæ I whichhaveanav-

erageseparationìní yN îðï

dcrit , theevolutionof thesystemwill
proceedin the non-interactingregime. On theotherhand,for
thedistributions,for which ìní yN î²ñ

dcrit , thecloud-cloudinter-
actionsareimportantthroughoutthere-expansionanddestruc-
tion phasesplacingthemin aninteractingregime.

It is moredif�cult to formulatea uni�ed criterionfor thebe-
havior of the systemsin the class æ M. When ìní xN îóò

LCD
suchsystemscanbe consideredasa setof thin layerswith an
averageseparationgreaterthanLCD, i.e. eachrow canbecon-
sideredasa systemfrom subsetæ I . Consider, for example,the
run M14, presentedin Figure4. From Table (1), the average
separationìÊí xN î

for this run is equalto 7, i.e. ìÊí xN îôò

LCD.
Indeed,theevolutionof theleftmostrow of cloudsproceedsas
asimplesinglerow case,andits destructionis completedby the
timetCD. This resultsin thefractionalkineticenergy reachinga
maximumat thetimetCD ê

24tSC (seeFigure9). However, it is
clearfrom Figure4 thattheevolutionof thedownstreamrowsis
alteredby thedestructionof theleftmostone.Therefore,when

ìÊí xN îõò

LCD onemustaccountfor thefactthatthedestruction
of anupstreamlayerof cloudswill changethepropertiesof the
global �o w for thenext, downstreamlayer. Thenew averaged
valuesof thevelocity, density, andpressurein theglobal �o w
shouldthenbe usedasan input for the analysisof the down-
streamcloudlayer.

3.4. Massloading

One of the principal questionsconcerningthe effects of
shock/cloud-systeminteractionsis the role of mass-loading
(Hartquist& Dyson 1988). Mass-loadingis de�ned as the
feedingof material into the global �o w by nearly stationary
clouds. Analytical studieshave predicteda numberof im-
portantchangeswhenmass-loadingoccurs. The most impor-
tantof theseis the transitionof the �o w to a transonicregime
(Hartquist et al. 1986; Hartquist & Dyson 1988; Dyson &
Hartquist 1992,1994). In our numericalexperimentswe con-
siderif mass-loadingindeedis prominent.

Massloadingcanoccuronly from time t = 0 up to themo-
mentof cloud destructionat time t = tCD. In our experiments
theclouddestructiontime is fairly shortcomparedwith theto-
tal ageof most relevant astrophysicalobjects. Indeed,cloud
destructionis practicallycompletedby thetimetheshockwave
reachesthe right boundaryof the computationaldomain, i.e.
by thetime theshockwave travelsthedistanceof about20-30
cloudsizes.This could,for example,becomparedwith clump
systemsin planetarynebulae. Assumingtypical sizefor PNe
cloudsto beabout100a.u.(whichis thesizeof cometaryknots
in NGC 7293 (Burkert & O'Dell 1998)), a densitycontrast
500,andashockwavevelocity100km s- 1, we �nd thatclouds
getcompletelydestroyedwithin approximately100- 150years.
This is muchlessthanthetypical ageof theplanetarynebulae
(104 - 105 yrs.).

Thus cloudswith low densitycontrast é i ê

10- 100 can-
not provide signi�cant mass-loadingdueto the easein which
they are advectedand destroyed by the global �o w. On the
otherhand,cloudswith higherdensitycontrastsé i ò

100 re-
taintheir low velocitieswith respectto theglobal�o w for much

longerperiodsof time and,therefore,may potentiallybe ef�-
cientmass-loadingsources.However, it shouldbe noted,that
this higherrelative velocity of a cloud increasestheef�ciency
of the instability formation, therebypromotingcloud destruc-
tion andits mixing with the�o w.

We can also considerthe amountof massseededinto the
�o w, i.e. strippedof from the cloudsandassimilatedinto the
global �o w, beforeclouddestruction.Typically, in our exper-
imentsthe amountof seededcloud materialdoesnot exceed
a few percentof the total cloud mass,which is unlikely to be
enoughto switchthe�o w into amass-loadedregime.Figure11
shows thedistribution of cloudmaterialalongthedirectionof
the�o w or, to bemoreprecise,thedistributionof theparameter

ìnö

î 1D(x) for thethreecloudrun M3. Therethecloudshave the
separationìní yN î!ê

0 ë 95dcrit. The�rst graphcorrespondsto the
endof thecompressionphase,while thesecondcorrespondsto
the endof the destructionphase.The graphsshow that cloud
materialremainslocalizedin thevicinity of thecloudcoresun-
til the momentof cloud destructionand the systemdoesnot
exhibit any signi�cant mass-loading.Moreover, the graphs3
and4 of Figure11, showing cloud materialdistribution early
in themixing phase,indicatethatevenafter destructioncloud
materialremainslocalizedwithin the region of about8 cloud
radii andretainsalmostthesameaveragevelocitywith respect
to the global �o w. Only further on in the mixing phasedoes
cloudmaterialspreadsigni�cantly.

Concluding,we may saythat for the cloud densitycontrast
valuesin therangeé i ê

10- 1000andpracticallyall valuesof
the global shockwave Mach number, the �o ws arenot likely
to besubjectto massloading. This is dueto thefact thatsuch
relatively low densityclumps,on onehand,acceleraterather
rapidly and,on the other, fairly quickly becomedestroyed by
instabilities. These�o ws will be dominatedby the mixing of
cloudmaterialwith theglobal �o w thatoccursaftercloudde-
struction. Systemswith very denseclouds é i ò÷ò

1000 may
providesitessuitablefor massloading.Futurenumericalstud-
iesarerequiredto verify this.

4. CONCLUSIONS

We havenumericallyinvestigatedtheinteractionof astrong,
planarshockwave with a systemof inhomogeneities.These
"clumps"areconsideredto bein�nitely long cylindersembed-
dedin atenuous,coldambientmedium.Wehaveassumedcon-
stantconditionsin theglobalpostshock�o w, therebyconstrain-
ing themaximumsizeof thecloudsonly by theconditionof the
shockfront planarity. Ourresultsareapplicableto strongglobal
shockswith Mach numbers3

ñ

MS ñ

1000. Therangeof the
applicablecloud/ambientdensitycontrastvaluesis 10- 1000.

We consideredfour majorphasesof thecloudevolution due
to the interactionof theglobal shockandpostshock�o w with
a systemof clouds. Theseare: initial compressionphase,re-
expansionphase,destructionphase,andmixing phase.We de-
scribeasimplemodelfor thecloudaccelerationduringthe�rst
threephases,i.e. prior to its destruction,andderiveexpressions
for the cloud velocity and displacement.The resultsof that
model are in excellent agreementwith the numericalexperi-
ments.The differencein thevaluesof cloudvelocity anddis-
placementbetweenanalyticalandnumericalresultsis

ñ

10%.
Themaximumclouddisplacementdueto its interactionwith a
strongshock(prior to its destruction)doesnot exceed3 ë 5 ini-
tial maximumcloudradii. Themaximumcloudvelocity is not
morethan10%of theglobalshockvelocity.
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The principal conclusionof the presentwork is that the set
ø

of all possibleclouddistributionscanbesubdividedinto two
largesubsets

ø

I and
ø

M. The �rst subsetis
ø

I , thin-layersys-
tems. This subsetis de�ned by the condition that the maxi-
mumcloudseparationalongthedirectionof �o w, or thecloud
layerthickness,is not greaterthantheclouddestructionlength
( ù xN)max ú

LCD. The thick-layersystems
ø

M, arede�ned by
thecondition( ù xN)max û

LCD. Theevolutionof clouddistribu-
tionswithin eachsubsetexhibit strikingsimilarity in behaviour.
We concludethat theevolution of a systemof cloudsinteract-
ing with astrongshockdependsprimarily onthetotal thickness
of thecloudlayerandtheclouddistribution in it, asopposedto
the total numberof cloudsor the total cloud masspresentin
the system. The key parametersdeterminingthe type of the
cloud systemevolution arethereforethecritical cloudsepara-
tion transverseto the �o w dcrit (this is also the critical linear
cloud density in the layer), and the cloud destructionlength
LCD.

For a given astrophysicalsituationour resultsindicatethat
onemight determine,eitherfrom observationsor from theoret-
ical analysis,the thicknessof the cloud layer ( ù xN)max. This
will thendeterminetheclassof thegivenclouddistribution,

ø

I
or

ø

M. For cloud distributions from the set
ø

I with average
cloud separationünù yN ý

û

dcrit evolution of the cloudsduring
thecompression,re-expansion,anddestructionphaseswill pro-
ceedin thenoninteractingregimeandthe formalismfor a sin-
glecloudinteractionwith ashockwave(e.g.(Klein etal. 1994;
Jonesetal. 1996;MacLow etal. 1994;Lim & Raga1999))can
beusedto describethesystem.On theotherhand,if thecloud
separationis lessthan the critical distance,the cloudsin the
layerwill mergeinto a singlestructurebeforetheir destruction
is completed.Thoughthroughoutthecompressionphasethey
canstill be consideredindependentlyof eachother, their evo-
lution during the re-expansionanddestructionphasesclearly
proceedsin theinteractingregime.

Whenthe distribution belongsto the subset
ø

M it is neces-
saryto determinethe averagecloud separationprojectedonto
thedirectionof the�o w ünù xN ý

, de�ned by theexpression(39)
above,andcompareit againstLCD: if ünù xN ý

û

LCD evolutionof

thecloudsystemcanberoughlyapproximatedastheevolution
of asetof distributionsfrom thesubset

ø

I andtheabove“thin-
layercase”analysisapplies.If, ontheotherhand,ünù xN ýþú

LCD
(especiallyif ünù yN ýªÿ

dcrit) thesystemevolution is dominated
by cloud interactionsanda thin layer formalismis inappropri-
ate.

Finally we have consideredthe role of mass-loading.Here
our principalconclusionis that themass-loadingis not signi�-
cantin thecasesof strongshocksinteractingwith a systemof
inhomogeneitiesfor densitycontrastsin therange10- 1000.In
partthis is dueto shortsurvival timesof cloudsundersuchcon-
ditions, andin part dueto the very low masslossratesof the
cloudseven during the timesprior to their destruction.Mass
loadingmaywell beimportantin higherdensityclouds(Dyson
& Hartquist 1994).

The major limitation of our currentwork is the purely hy-
drodynamicnatureof our analysisthat doesnot include any
considerationof magnetic�elds. As it wasdiscussedin sec-
tion 3.1.4, cold denseinhomogeneities(clouds)embeddedin
tenuoushottermediumareinherentlyunstableagainstthedis-
sipativeactionof diffusionandthermalconduction.This evap-
oratesthe cloudson the timescalescomparableto, or shorter
than,the timescalesof thedynamicalevolution of thesystem.
It wassuggestedthatthemagnetic�elds mayplayastabilizing
roleagainsttheactionof thedissipativemechanisms.Although
weakmagnetic�elds, that aredynamicallyinsigni�cant up to
the momentof cloud destruction,caninhibit thermalconduc-
tion anddiffusion,thosemagnetic�elds maybecomedynami-
cally importantdueto turbulentampli�cation duringthemixing
phase.A fully magnetohydrodynamicdescriptionof the inter-
actionof astrongshockwith asystemof cloudswill needto be
carriedforwardin futureworks.

This work was supportedin part by the NSF grant AST-
9702484andthe Laboratoryfor LaserEnergeticsunderDOE
sponsorship.

Themostrecentresultsandanimationsof thenumericalex-
periments,describedabove and not mentionedin the current
paper, canbefoundat www.pas.rochester.edu��� wma.
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TABLE 1

SUMMARY OF THE RUNS DISCUSSED

Run # of cloudsa Distribution # of rows x-spacing y-spacingc

M1 1 regular 1 - -
M2 2 regular 1 - 4
A2 2 regular 1 - 12
M3 3 regular 1 - 4
A5 5 regular 1 - 4

M14 14 regular 3 7 b 4
M14r 14 random - 6.34d 6.34d

a Total numberof cloudspresentin thesystem.

b Spacingbetweenthe centersof cloudsin two different rows, projectedonto
thex-axis,in theunitsof themaximumcloudradiusamax.

c Spacingbetweenthe centersof cloudsin the samerow, projectedonto the
y-axis,in theunitsof themaximumcloudradiusamax, exceptfor therun M14r .

d Maximumabsolutespacingbetweenthecloudcentersin anydirectionin the
unitsof theaverage cloudradiusfor thedistribution.
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FIG. 1.— Setupof the computationaldomain. Shown is the setupfor the run M14. “x-spacing” and“y-spacing” arethe parametersusedin Table1 for the
descriptionof theruns.Note: notdrawn to scale.
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FIG. 2.— RunM1. Timeevolution of a system,containinga singlecloudandinteractingwith a MS = 10 shockwave. Shown arethesyntheticSchlierenimages
of thesystemat times22� 47tSC, 35� 23tSC, 50� 54tSC, 68� 40tSC.
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FIG. 3.— RunM3. Time evolution of a system,containingthreeidenticalcloudsandinteractingwith a MS = 10 shockwave. Shown arethesyntheticSchlieren
imagesof thesystemat times22� 47tSC, 35� 23tSC, 50� 54tSC, 68� 40tSC.
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FIG. 4.— RunM14. Timeevolution of asystem,containingfourteenidenticalcloudsin a regulardistribution andinteractingwith aMS = 10shockwave. Shown
arethesyntheticSchlierenimagesof thesystemat times22� 47tSC, 35� 23tSC, 50� 54tSC, 69� 09tSC.
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FIG. 5.— RunM14r . Timeevolution of a system,containingfourteencloudsin a randomdistribution andinteractingwith aMS = 10 shockwave. Shown arethe
syntheticSchlierenimagesof thesystemat times9� 71tSC, 22� 47tSC, 45� 43tSC, 69� 09tSC.
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FIG. 6.— Flow structureduringthe initial compressionphase.Shown is theSchlierenimageof therun M1 at time 5� 1 tSC. GS- externalglobal forwardshock;
RB - external reversebow shock;IF - internalforward shock;IR - internalreverseshock;BF - back�o w, causedby global forward shockconvergenceon the
symmetryaxis;V1 - primaryvortex sheets,causedby regular re�ection of thebow shock;M1 - primaryMachre�ectedshocks,causedby Machre�ection of the
global forwardshockat thesymmetryaxis;S1 - primaryMachstem(moreprecisely, two primaryMachstems);T1 - primarytriple points;V2 - secondaryvortex
sheets,causedby the primary Mach re�ection of the global forward shock(notethe two stembulgesformedat the baseof the secondaryvortex sheetsnearthe
symmetryaxis);M2 - secondaryMachre�ectedshocks;S2 - secondaryMachstems;T2 - secondarytriple points.
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FIG. 7.— RunA2. Illustrationof thenon-interacting regimeof cloudevolution: interactionof a MS = 10 shockwave with a systemof two identicalcloudswith
thecloudcenterseparationof 12� 0 a0 	

2 � 86dcrit . Shown arethesyntheticSchlierenimagesof thesystemat times22� 47tSC, 35� 23tSC, 50� 54tSC, 68� 40tSC.
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FIG. 8.— RunM2. Illustrationof theinteracting regimeof cloudevolution: interactionof a MS = 10 shockwave with a systemof two identicalcloudswith the
cloudcenterseparationof 4 
 0 a0 �

0 
 95 dcrit . Shown arethesyntheticSchlierenimagesof thesystemat times22
 47tSC, 35
 23tSC, 50
 54tSC, 68
 40tSC.
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FIG. 9.— Timeevolution of theglobalaverageof thekineticenergy fraction ��
 kin � 2D for therunsM1, M2, M3, A5, M14,M14r .
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FIG. 10.— Timeevolutionof theglobalaverageof thevolume�lling factor ����� 2D for therunsM1, M2, M3, A5, M14,M14r .



24

FIG. 11.— Distribution of cloudmaterialalongthehorizontaldimensionof the computationaldomainfor the run M3. Shown aretheone-dimensionalspatial
averagesof thevolume�lling factor ����� 1D at times12� 26tSC, 25� 02tSC, 37� 78tSC, 50� 54tSC.


