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Intr oduction

Astrophysicaljetsareextendedandcollimatedenergeticoutflowsof matterfrom vari-
ousastronomicalobjects.Thefirst nakedeye observationsof theobjecttodayassoci-
atedwith theprotostellarjetsweremadeat theendof XIX centuryby Burnham,who
observedthenebula (todaycalledBurnham’s nebula) neartheT Tauri star(Burnham
1890,1894).After theworksof G.H. Herbig(1950,1951)andG. Haro(1952,1953),
Mundt (1985)recognizedtheseobjectsasjet-like outflows. Stellaroutflows, or more
preciselyyoungstellarobjects(YSOs)jetsaretodayconsideredessentialfor thestellar
birth process.

On a muchlarger, galacticscale,an optical jet wasdiscoveredby H. Curtis in 1918
asa straightray, connectedwith the nucleusof the giant elliptical galaxyM87 by a
thin line of matter(Curtis1918). Throughto theearly1970’s it remainedtheunique
example,until agreatnumberof radio-galaxiesrevealedthepresenceof theradiojets.

At theendof theXX century, with thedevelopmentof observationalmethods,more
systemswereincludedinto a classof jet sources.Theseare,in additionto thealready
mentionedyoungstellarobjects(YSOs)andactive galacticnuclei (AGN), high- and
low-massbinaries(HMXBs andLMXBs) andblackholeX-ray transients,all presum-
ablyassociatedwith anaccretingneutronstaror ablackhole. In thesesources,thejets
arerathersporadicallyobserved,andnot asa rule. Also, in somesymbioticsystems
(containinganaccretingwhite dwarf), thepresenceof a jet is indicatedaftersomere-
centdiscoveries(Bond& Livio 1990;Pollaco& Bell 1996),andLivio (1999)suggests
the inclusionof the planetarynebulaejets into the class. In the 1990’s the supersoft
X-ray sources(SSS)wereaddedto the list, asthey aresupposedto containa white
dwarf accretingthe matterfrom a subgiantcompanion(Hasinger1994; Kahabka&
Trumper1996).

Both observationaltechniquesandtheoreticalmodellinghave considerablyimproved
in thelastfew decades.Presently, weareableto testcertainphysicalconstraintsof the
models.Therelativestationarityof theastrophysicaljetsmakesit possibleto compare
theobservedjetswith theresultsof theanalyticalstudies,which usuallycanbedone
only in astationarityapproximation.

One fact following from the observationsis that, up to now, all the objectswhich
exhibit jetsarethosefor which anaccretingcentralobject,andthereforetheaccretion

5



6 Intr oduction

disk, is assumed.Thepresenceof themagneticfield is alsoubiquitous.

The paradigmarisingfrom this observation that the formationof the jet requiresthe
presenceof anaccretiondiskwill beinvestigatedin this thesis.

A launchingof thejet from thesurfaceof astar, or theexplanationof its highdegreeof
collimationthroughobliqueshocks,whentheaccretionprocessis not themainunder-
lying machine(Cantoet al. 1988;Frank& Mellema1996)hasthemaindisadvantage
that,for thedifferentclassesof theobjects,themodelssubstantiallydiffer. As the jet
launchingmechanismsarerathersimilar for theverydifferentunderlyingobjects,it is
temptingto try to find someunifying scheme.

Theunifying mechanismfor collimationandaccelerationof jetsproposedin thisthesis
is thehydro-magneticone,i.e. the jet is magnetically-driven. Thenumericalsimula-
tionshave beenperformedwithin a non-relativistic scheme,with theZEUS-3Dcode,
and the resultsare relevant for the protostellarjets. However, to someextent, it is
possibleto alsoscaletheconclusionsto AGN jets.

This thesisis organisedasfollows. After theobservationaldataandtheir implications
for the models,in the secondchaptera theoreticalbasisof resistive magnetohydro-
dynamicsis given, and the ZEUS-3Dmagneto-hydrodynamicscodeintroduced. In
thethird chapterwe presentstationaryandtime-dependentmodelsfrom theliterature
andsummarizeimportanttheoreticalconcepts.Thenumericalsimulationsof a jet for-
mation with the initial andboundaryconditionsare presentedin the final chapters.
In the Summarythe main resultsarecollected,andtheir discussionoutlined. In the
Appendix,our testsfor theresistiveZEUS-3Dcodearepresented.



Chapter 1

Astrophysical outflows: The disk-jet
paradigm

1.1 Protostellar jets

It is possibleto follow a history of youngstellar jets back to 1890,whenBurnham
(1890,1894),throughtheLick Observatory90-cmrefractorobservedthefaint nebula
neartheT Tauristar. Thisobjectlaterbecameknown asBurnham’sNebula,andtoday
it is assignedHH 255.

Half acenturylater, G.H.HerbigandG.Haroindependentlydiscoveredcurious“semi-
stellar” objectsin Orion constellationanddescribedthe basicpropertiesof theseob-
jects(Herbig1950,1951;Haro1952,1953).Herbig(1951)notedthespectralsimilar-
ity of theseobjectsto Burnham’sNebula,with peculiar, strongemissionlinesof [S II]
and[O II].

Ambartsumian(1954,1957),relying on theco-existenceof theseobjectswith nearby
nebulousor emission-linestars,suggestedthat theseobjects(calledHerbig-Haro or
HH objectsby him) aretheearlystagesof youngT Tauri stars.An enlargementof the
platepublishedin Herbig(1951)is presentedin Fig. 1.1.

In thenext 25yearsmorethan40Herbig-Haroobjectswerefoundandstudied(Herbig
1974),but theirnatureandorigin remainedamistery, until Schwartz(1975)suggested
thatthespectralpropertiesof theseobjectsmight bea resultof theshock-excitedgas.
The shockwassupposedto be excited by supersonicwind from the youngstar. To-
getherwith the discussionof the possibleshockmechanism,camethe discovery of
the high propermotionsin HH objects,of the orderof several hundredskm/s (Cud-
worth & Herbig1979). TheprototypeHH-objectsHH1 andHH2 appearto move in
oppositedirections,andonenaturalpossibility wasthat they could move away from
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8 Astrophysical outflows: The disk-jet paradigm

Figure1.1: HH 1, 2 and3 asseenin anenlargementof theplatepublishedin Herbig(1951).
HH 1, 2, and3 are threestar-like objectsin line exactly below the biggestobject,which is
NGC 1999.Theplatewastakenin thebluespectralregion with theCrossley reflectorat Lick
Observatoryin Jan20,1947.Adoptedfrom Reipurth& Heathcote(1997).

a commonsource(Herbig& Jones1981). Todaytheacceptedpictureis whatDopita
et al. (1982)concludedfor theHH 46/47system:HH objectsresultfrom bipolar, well
collimatedflows, “jets” from a young,embeddedstar. Imagestaken in the following
yearsshowedthatHH objectsarenot independentobjects,but shockfrontsof thejets
drivenby youngstellarobjects(Mundt1985).

In Mundt et al. (1987)thetypical lengthof theHH jet wasestimatedto be0.01pc to
0.2pc. Later, evenlongerjetswerediscovered(Poetzelet al. 1989;Mart́ı et al. 1993;
Ogura1995)with lenghtsof the orderof few parsecs.Also, Bally & Devine (1994)
andLópezet al. (1995)re-estimatedthe jet lenghtsof HH34, HL Tau andHH30 to
be of the orderof few pc’s. Measurementsof the radial velocitiesalsosupportthis
prolongationof thejet lenghts(seeEislöffel & Mundt1997).

It turnedout thatmultipleworkingsurfacesarepresentin largerflows thanwasearlier
thoughtto beassociatedwith singlejets (e.g. Stanke et al. 1999). This suggeststhat
thejet feedingmechanismis nonsteadyon thetimescaleof 1000to 2000years.

With theHubbleSpaceTelescope(HST) thedirectobservationof thedustdiskaround
the sourceof the jet becamepossible.Currently, oneof the bestexamplesis that of
HH30 which shows not only the edge-onseendustdisk, but also the motion of the
ejecta,i.e. asub-structureof thejet (seeFig. 1.2).
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Figure1.2: Thepicturesof HH30takenbetween1995and2000with theWideFieldPlanetary
Camera2, aboardHST. The dustdisk diameteris 450AU. The reflectionnebulaeabove and
below theequatorialplaneof thediskareilluminatedby thecentralstar. Thechangingpattern
of theshadows on thedisk canbecausedby bright spotson thestar, or variationsof thedisk
structurenearthestar. Credits:NASA, A. Watson,K. Stapelfeldt,J.Krist andC. Burrows.

That the jet origin is in the vicinity of the centralobject follows from onemoreob-
servational fact: the protostellarjet emergeswell collimatedfrom the dustdisk. A
collimatedjet is visible, e.g. in thecaseof DG Tau,at thedistanceof approximately
40AU from acenterof thedustdisk (Kepneret al. 1993).

1.2 Jetsin other astronomicalobjects

Collimatedbipolar jetsarealsoobservedin otherclassesof astronomicalobjectsand
on differentscales.In Table1 arelisted the classesandthe supposedcorresponding
physicalsystems.Someof themaretraditionallynotconnectedwith thejets.However,
the criterion of inclusion is the existenceof collimatedoutflows, not the ubiquitous
appearanceof thejetsin thesesystems.Thetableis not very restrictive,a single(pos-
sible)observationof thejet wasconsideredto beenoughto includethecorresponding
objects.

Weaklycollimatedoutflowsareobservedin many otherobjectsasoutburstsof novae,
giantstarsor post-asymptoticgiantbranchstars,but we will concentrateon theinves-
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Table1.1: Systemswith collimatedoutflows. Adoptedfrom Livio 1999.
Object Physicalsystem

Youngstellarobjects S Accretingyoungstar
MassiveX-ray binaries T Accretingneutronstaror blackhole

BlackholeX-ray transients E Accretingblackhole
Low massX-ray binaries L Accretingneutronstar

Symbioticstars L Accretingwhitedwarf
Planetarynebulaenuclei A Accretingnucleus
SupersoftX-ray sources R Accretingwhitedwarf

Activegalacticnuclei EXTRAGALACTIC Accretingsupermassiveblackhole

tigationof theobjectswhichshow well collimatedhighvelocityoutflows(thejets).

In Table 1, the objectssuchas AGN (seeFig. 1.3 for one example),YSOs, some
HMXBs (e.g. SS433 - Margon 1984; Cyg X-3 - Stromet al. 1989)andblack hole
X-ray transientsarethe“standard”jet-containingobjects.

The planetarynebulae(PN) areusuallynot mentionedin a jet context, but after the
direct observation of the jets in the planetarynebula K1-2 neara binary star VW
Pyx (Bond & Livio 1990), and a bipolar proto-planetarynebula M1-92 (Trammell
& Goodrich1996),it becamepossibleto includetheplanetarynebulaein sucha table.
Also, someplanetarynebulaeseemto be directly connectedto the precessingjets in
thepointsymmetricPN(Livio & Pringle1996).

SupersoftX-ray sourcesenteredthelist aftertheworksof Pakull (1994),Cramptonet
al. (1996)andSouthwellet al. (1996). In thecaseof LMXBs, thereexistsonly one
singleobservationaldetectionof a jet up to now: Cir X-1 (Stewart et al. 1993),with
thedegreeof collimationof thejet unknown. Similarly for thesymbioticsystems,the
jet is observedonly in R Aqr (Burgarella& Paresce1992).

All of the objectsmentionedabove aresupposedto be the objectswith an accretion
disk,andthemostimportantquestionabouttheastrophysicaljets is then: Is thepres-
enceof theaccretiondiskrequiredfor thejet formation?Moreshouldbeknown about
themechanismswhichcanresultin ajet, to answerthis. If true,themodelwouldapply
for morethanjust explainingsomeexotic astronomicalobjects.

Anotherobservationalresultis theterminalvelocityof jets.Thisvelocityis in all cases
of the orderof theescapevelocity of thecentralobject. For theprotostellarjets it is
a few hundredsof km/sec,andfor the relativistic jets from accretingneutronstarsor
black holesit is higherthan0.9 ç . The immediateconclusionfollowing from this is
thattheinnerpartof theaccretiondisk is theorigin of thejet.

Similar to YSOsjets, the relativistic jet emergeswell collimatedfrom the disk. For
AGN, theVLBI resultsfor theVirgo A (3C274)in M87 shows theorigin of thejet is
at70gravitationalradii (Junor& Biretta,1995).In thecaseof themicroquasar(i.e. the
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Figure1.3: Seyfert galaxyNGC 4152. The SpaceTelescopeImagingSpectrograph(STIS)
simultaneousrecordsshow thevelocitiesof hundredsof gasknotsstreamingfrom thenucleus,
which is thoughtto be a supermassive black hole. Upper left is a HST Wide Field Planetary
Camera2 imageof theoxygenemission(5007Å). Thereis no informationaboutthemotion
of theoxygengas.In STISspectralimageof theoxygengas-upperright- thevelocitiesof the
knotsaredeterminedby comparingtheknotsof gasin thestationaryimageto thehorizontal
location of the knots. Lower left imageis the velocity distribution of the carbonemission,
which requiresmoreenergy to glow than for ionizationof the oxygengas,and is therefore
probablycloserto theenergy source.In the lower right image,which is thefalsecolor image
of thetwo emissionlinesof oxygengas4959and5007Å), theline passingthroughtheimage
originatesprobablyfrom thepowerful blackholein thecenter.

black hole X-ray transient,in presentopinion) GRS1915+105,the multiwavelength
observationshavedemonstratedacorrelationbetweentheX-ray andIR flares,suggest-
ing thatthecausefor theX-ray triggeringandIR peaksis thesame(Fenderetal. 1997;
Pooley & Fender1997;Greineret al. 1996;Eikenberryet al. 1998).

If it shows to be persistent,oneobservationalfact (or ratheronenon-detection),can
provide someclue to the jet formationmechanism:the cataclysmicvariables(CVs)
doesnot show the jets. Taking into accountthat they involve accretiondisk, asSSSs
andthesymbioticstars,thedifferencein a jet forming conditionscouldprovide some
constraintson thetheoreticalmodels(Livio 1997).
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1.3 Jet formation - a magnetohydrodynamicalprocess

Model in which the jet is launchedfrom thedisk-jetsystem,with a dipolarmagnetic
field of a centralstar, is similar to the well investigatedsolar wind. Exceptfor the
correlationbetweenthediskmassandoutflow energetics(Cabritetal. 1990),it is sup-
portedmostlybecauseof thetheoreticalreasons(seee.g.Kükeretal.2003).However,
beforethemeasurementsof themagneticfield areavailable,it canbealsoconvincingly
criticized(Safier1998,1999).

High degreesof collimationandlargevelocityof thejetscansofar simultaneouslybe
explainedonly within theMHD model(e.g. Blandford1993;Königl & Ruden1993,
Rayet al. 1997).

The direct evidencefor the importanceof the magneticfield for the accelerationis
availableonly for extragalacticjets. Polarizedsynchrotronemissionat radio wave-
lengthsin radiogalaxies,andin theopticalband(for M87) donothaveequallysignif-
icantcounterpartin thestellarjets.

The jet is, therefore,understoodasa streamof plasmaacceleratedandcollimatedby
magneticforces. Origin of theejectedmatteris the immediatevicinity of thecentral
object,which includesanaccretiondisk.

Thetheoreticalexplanationsof thejet formationcanbedividedinto threeclasses:

I) Hydrodynamicmodels,wherethecollimationcanbeachievedby De Laval nozzle
(Blandford& Rees1974),by vorticesarounda blackhole(Lynden-Bell1978),or by
self-similarthick disks(Gilham1981;Narayan& Yi 1995).

II) Wind models,wherethe local magneticfield of the rotatingsourcecollimatesthe
outflow (Mestel1968;Blandford& Znajek1977;Sakurai1985;Li et al. 2001).

III) Modelswheretheoutflow is collimatedby a diskmagneticfield, beingor large-
scalemagneticfield advectedinwardsfrom interstellar/intergalacticspace(Lovelace
1976;Blandord& Payne1982,hereafterBP82;Uchida& Shibata1985;Bell & Lucek
1995;Ouyed& Pudritz1997a,hereafterOP97)or thefield producedlocally in thedisk
(or in thecentralobject)by somedynamoprocess(Tout& Pringle1996).

A well establishedfact is that in thecaseof YSOssuchpowerful bipolaroutflows as
arejets, could not be thermallyor radiationpressuredriven winds (DeCampli1981;
Königl 1986).Thereasonis thattheobservedfluxesexceedthosewhich theprotostar
couldprovide.

Theaccelerationandcollimationof theinitial disk (or stellar)wind is thenassumedto
bea resultof themagneticfield. Two suchmodelswereinvestigated.
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Winds that originate at the surfaceof the disk

The BP82modelof the centrifugallydrivenwind, andthe Uchida& Shibata(1985)
modelwith the“uncoiling spring”aremodelsdevelopedin this approach.

BP82modelrequiresthat the magneticfield lines threadthe disk at an angleof 30è
or morewith respectto thejet axis,for thematterto becentrifugallyejectedfrom the
surfaceof theunderlyingKepleriandisk (seeé 3.1.1here).

In thelattermodelthetwisting of a large-scalemagneticfield, becauseof therotation
of a radially collapsingnon-Keplerianaccretiondisk, relaxesthroughtheemissionof
the torsionalAlfv énwavesthatpropagatein bothdirectionsalongthemagneticfield
lines. Matter is then transportedto the surfaceof the disk, from whereit is being
ejectedin thebipolaroutflows.

The X-wind model

In the X-wind model(Shuet al. 1994),a partial openingof the magnetospherecon-
nectingthecentralstarandtheaccretiondisk is assumed.Thecorrotationpoint of the
diskandthecentralmagnetizedstaris theorigin of theoutflow. Magneto-centifugally
driven winds from the inner edgeof the disk extract the excessangularmomentum
alongtheopenmagneticfield lines.Suchmechanismcouldbeplausiblein thecaseof
YSOs,but fail in thecaseof accretingblackholes.

1.4 Magnetic dri venoutflows

The observed correlationbetweenthe disk massandoutflow energeticssupportsthe
diskwind scenario(Cabrit& André1991;Edwardsetal. 1993).Its mainadvantageis
thegenerality:detailednatureof thecentralobjectis not essentialfor thedescription
of thephysicsof theoutflow.

Self-similarmodelsfollowing BP82approach(Königl 1989;Wardle& Königl 1993;
Li 1995;Ferreira1997)resultedin the consensusthat it is possibleto describea jet
launchingfrom theaccretingdisk in a puremagneticscheme.The resultby Ferreira
(1997)wasthe jet in smoothtransitionfrom a resistive disk, with the Lorentzforce
lifting thegasvertically.

Time-dependentMHD simulationsof thejet formationwereundertakenin two ways.
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Accretion disk asa boundary condition only

In theschemewith theaccretiondisk asa boundaryconditionit is possibleto obtain
numericallystable,long-lastingsolutions,but it is intrinsically incomplete. The jet
formationmustincludetheprocessof accretionin adisk,astheaccretedmattershould
feedthejet. However, evolutionof thedisktogetherwith thejet is numericallydifficult,
becauseof thedifferentcharacteristictime-scalesinvolved.

The first simulationsof the jet with the rotatingaccretiondisk taken asa boundary
conditionhavebeendonewith thesoftenedgravitationalpotentialandnon-equilibrium
initial conditions(Ustyugova et al. 1995; Romanova et al. 1997). The simulations
resultedin collimated,non-stationaryoutflows.

In OP97simulations,wherethey studieda disk coronainitially in hydrostaticequi-
librium andpressurebalancewith theunderlyingdisk (givenasa boundarycondition
only), astationarycollimatedflow emergedafter400rotationsof theinnerdiskbound-
ary.

In Krasnopolsky et al. (1999)thesteadystateof theoutflow is alsoreached.Thedisk
boundaryconditionin their simulationsincludeda thin, axial jet from theregion near
theorigin, to limit theinfluenceof theprescribedmassinflow from thedisksurfaceon
theformingoutflow.

After theseideal-MHD simulations,a furthersteptowardstheinclusionof thedisk in
the simulationswasto performthe resistiveMHD computationsfollowing theOP97
setup(Fendt& Čemeljíc 2002). The motivationwasthat the Alfv énwavesfrom the
highly turbulentaccretiondisk areexpectedto propagateinto thedisk corona.There-
fore,thesewaveswouldprovidetheperturbationsfor somedegreeof turbulentmotion
alsoin thejet.

Thereexists an alternative approach,concerningthe mechanismof jet collimation.
Spruitet al. (1997)arguethattherole of thetoroidalmagneticfield in thejet collima-
tion cannotbe crucial. Instead,thepoloidalmagneticfield of the disk is considered,
andthe collimation dependson the ratio of the outer to inner disk radius. In Chap-
ter 5 we presentour simulationsin this approach,with the disk givenasa boundary
conditiononly. Herewe only note that the jet collimation andaccelerationby sole
poloidalmagneticfield showedto bepossibleif thereexistssomeadditionalsourceof
theenergy in asystem.

Simulations of the disk+jet system

In Uchida& Shibata(1985),Shibata& Uchida(1985,1986),Stone& Norman(1994a),
Hayashiet al. (1996),Goodsonet al. (1997),authorsin generalconfirmthatactionof
theLorentzforceejectsthematerialfrom thedisk surface. A sub-Kepleriandisk ro-
tationmayresultasanoutcomeof themagneticbraking,becauseof theback-reaction
of themagneticfield on thedisk.
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The interactionof a stellar(dipole) magnetosphereandthe disk structurewasinves-
tigatedin simulationsby Miler & Stone(1997),which carriedout 2D resistiveMHD
simulationsof protostellarjets.

However, suchsimulationscouldbeperformedonly up to a few tensof theKeplerian
rotationsat the innermostradiusof the disk, becauseof the numericalreasonsand
approximationsof the ideal MHD, or the resistivity being assumeduniform in the
computations.Only with imposingtheinitial andboundaryconditionswhich omitted
thereboundingof theaccrettedmatteron theboundary(Casse& Keppens2002),the
longersimulationsbecamepossible.Oursimulationsin Chapter6 herefollow asimilar
idea.

1.5 Origin of magneticfield

Themagneticfield in thevicinity of YSOsis of theorderof kG (Andréetal. 1991).In
thecaseof AGN, it is of theorderof mG(Ferrariet al. 1997)in thedevelopedjet, and
closeto thesource,which is supposedto betheaccretiondisk arounda supermassive
blackhole,it mightbea few kG at thedisksurface(Camenzind1990).

For thesources,which includea neutronstaror stellarmassblackhole,themagnetic
fieldsarevery large,up to 10êuë Gauss,andthefield strengthin theeventualaccretion
diskor thejet itself is still not known.

In thehydro-magneticmodelsof thejet accelerationandcollimation,somelargescale
magneticfield is assumedto threadthedisk. Whichis theorigin of thismagneticfield?
It couldbeanalreadyexisting (largescale)magneticfield, or oneproducedlocally.

1.5.1 External field

For thecasewhenthemagneticfield is advectedinwardsfrom the interstellar(inter-
galactic)space,theexistenceof a strongpoloidalcomponentof themagneticfield is
supposed.This field is twistedby therotationof thedisk, which becomesslower be-
causeof theresultingtorque.The jet is a kind of by-productof thetwist. It removes
theexcessangularmomentumfrom thesystem.Theproblemwith this pictureis that
theorigin of thepoloidalfield is notclear. In thecaseof YSOsit mightbeapreexisting
interstellarmagneticfield, amplifiedduring theaccretionin thecollapsingmolecular
cloud. In thecaseof AGN, the inner region of thedisk is fully ionizedand,because
of the differentialrotationof the disk, the toroidal, andnot the poloidal component,
is amplified. In bothcases,the accretingmatterin thedisk advectsthefield inwards
from theinterstellar(intergalactic)space(BP82,Pudritz& Norman1983;Lovelaceet
al. 1986,Königl 1989).
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1.5.2 Field producedlocally

Here,somedynamoprocessis evokedin theaccretiondiskor in thecentralobject(Tout
& Pringle1996; von Rekowski et al. 2000). The feedbackof the inducedmagnetic
field on thematterlimits thefield strength.Locally, Keplerianshearflows arelinearly
stable(Stewart 1975), but magneticonsetof the turbulenceis possibleeven with a
linear MHD instability (Balbus & Hawley 1991). The dynamois supportedby the
motionsresultingfrom theinstability. Naturally, thenonlinearinstabilitiescouldtake
place,too.

Evenif thefield is generatedlocally, theorigin of thefield on thelengthscaleof order
of thedisk radiusis unknown. Thefield strengthsgeneratedby theeventualdynamo
areproportionalto theheightof thedisk (Hawley et al. 1995;Matsumoto& Tajima,
1995).

1.6 Jet propagation

Thetheoryof opticalemissionfrom HH objectsvia theheatingandexcitationmech-
anismwas introducedby McKee& Hollenbach(1980). They explainedthe shocks
by a suddenchangeof density, pressure,temperature,velocity anda numberof other
quantitiesin agas.Behindashock,thegascoolsandits densitycontinuesto increase.

Whenit becameclearthatmostof theHerbig-Haroobjectswerenot independentob-
jects,but rathershockfrontsof thewell collimatedjetsdrivenby YSOs(Mundt1985;
Mundtet al. 1987),theextentof suchjets,reachingaparsecscale,showedto beenor-
mous. Furthermore:the leadingsurfacesof somejets, thoughtto be the terminating
surfacesof the outflows, showednot to be the ultimateones.They areencountering
thegaswhich is alreadyfastmoving away from thedriving sourceof the jet, i.e. the
flows aremuchlongerthanvisible at thetime (Heathcote& Reipurth1992;Morseet
al. 1992,1994). Recentobservationsshow that many HH flows extendover several
parsecs(Bally & Devine 1994;Eislöffel & Mundt 1997;Reipurthet al. 1997;Stanke
et al. 1999).

Theexistenceof theseriesof internalworkingsurfacesin theflow leadsto theconclu-
sionthattheejectionof matterinto thejet is nonsteady. Whenthis substructurein the
jet is intensein theregionbetweentheorigin andtheterminatingjet lobe,it is referred
to as“knots”. Interestingis to notethatthetimescaleof theseejectionsis of theorder
of 1000years,andthereforecouldbe relatedto eventssimilar to theepisodicstrong
accretionphaseof FU Orionis,wheretheoutburststake place(Dopita1978;Reipurth
& Heathcote1992).

Theinteractionof astellarwind andthesurroundingmedium(workingsurface) results
in two shocks:

i) The ambientshock- A shockin which the ambientmediumis acceleratedto the
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Figure1.4: Thebow shockworkingsurface.A layerof densegasbetweentheleadingpartof
thebow shockandtheMachdisk interactswith theambientgasandformsthesidewaysparts
of thebow shock.

propagationspeedof theinteractionregion.

ii) The innershock(theMach disk) - Herethe materialin theflow is deceleratedto
thespeedof theinteractionregion.

Betweenthesetwo shocks,a layerof densegasis located(Hollenbach1997).Thisgas
canbesubjectto fragmentationinto clumpsandfilaments(Blondin et al. 1989;Stone
& Norman1994a;Suttneretal. 1997),whichcouldbeanexplanationfor the“knotty”
structureof thejets.

One specialcaseof the shockis frequentlycalled a bow shock (Blandford & Rees
1974;Normanet al. 1982;Hollenbach1997;Ragaet al. 1998). It explainstheshape
andwidth of emissionlines,thespatialdistribution of emissionin differentlines,and
the position–velocity diagrams.In a bow shockthe headof the jet is surroundedby
an envelopesimilar to a rotationparaboloid(Fig. 1.4). It is formedby the material
expelledsidewardsof theregionbetweentheMachdiskandleadingshock.
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Chapter 2

Theoretical conjecture

Fromtheobservationsit is possibleto concludethattheastrophysicaljetsaremagneti-
callydriven(e.g.Mundtetal.1990;Mirabel& Rodriguez1995;Rayetal.1996).Thus,
in orderto modelthe jet formationprocesswe needto solve theMHD equationsun-
derastrophysicalboundaryconditions(BP82;Pudritz& Norman1983;Sakurai1985;
Uchida& Shibata1985;Lovelaceet al. 1986,1991;Shuet al. 1994).In thefollowing
sectionsgivenis abrief introductionto theMHD theoryandtheMHD codeZEUS-3D,
whichweusedfor thenumericalsimulations.

2.1 Resistivemagnetohydrodynamics

The MHD equationsare a combinationof the hydrodynamicequations,Maxwell’s
equationsandthethermodynamicequationof state.Wewill considerthenon-relativistic
approximation.Theequationsarewritten in thecgssystemof units, ç in theequations
is thespeedof light.

Thehydrodynamicequationsarethe(mass)continuityequation,ìËí
ìdîbïñð$òYó í�ô�õ\öø÷ (2.1)

andtheforceequation(theequationof motion),

í ìËôìdî ï í ó ô òFð õ²ôùö�ú ð�û ú�í ðýüþï ÿç ó
����� õ ï����
	 (2.2)

Here,
í

is themassdensity,
ô

is thevelocity, û is thehydrodynamicpressure,ü is the
gravitational potential,

�
is the magneticinduction,and ��� is the viscousforce. In

ourwork wedo notconsiderviscousfluid, sothelasttermwill beommitedfurther.

Theelectriccurrentdensity
�

is givenby Ampère’s law,� ö ç�
� ð ��� 	 (2.3)
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Neglecting the displacementcurrent,we can describethe electromagneticfields by
Ampère’s law (2.3),Faraday’s law,

ð ��� ï ÿç ì �ìdî ö�÷ (2.4)

andtheequationstatingthenon-existenceof themagneticmonopoles

ð$ò � ö�÷ 	 (2.5)

Theenergy equationis

í�� ì��ìdî ïøó ô òFð õ���� ï�ûsó1ð$ò ôÜõ&ú ç������� � � öø÷��
(2.6)

where
�

is the internalenergy, andthe last term is the Ohmic heating. The thermo-
dynamicequationof state,i.e. the specificationof the gaspressure,closesthesetof
MHD equations.

2.1.1 Ohm’s law

In themagnetohydrodynamics,anapproximatedequationof Ohm’s law is usedfor a
low frequency perturbationsandin appropriatelengthscale(whenthethermalmotions
aremuchsmallerthana characteristiclengthscale),andfor thedenseenoughplasma:� ö � ó � ï ÿç ô ��� õ 	 (2.7)

A scalarfunction
�

is theelectricalconductivity.

For theMHD drivenjets,thejet canchangethemagneticfield throughthereconnection
or throughthe diffusion and advection of the magneticfield. The dynamicaltime
scalefor YSOsjetsis

î�� �"!
=10# -10$ yr (Reipurthet al. 1997;Eislöffel & Mundt1997).

This meansthateventheslow diffusive processescouldaffect the jet propagation.In
general,anassumptionis that themagneticfield (which launchedthe jet) remainsin
thejet andtravelswith it.

In a moderatelyionizedplasmaof YSOs jets (relativistic jets aremore ionized,see
Dopitaet al. 2002),the ionizationfractionsare % ö'&)(+*�!,(+-/.0�21
&3!,./4 57698;:

=0.5-0.01(Harti-
ganetal. 1994).Thesefractionsdecreasewith apropagationof theplasmabeyondthe
internalshocks.In theoptically invisiblepartof thejet this ratio couldbevery low.

Otherwise,if the plasmais not fully ionized, also the ambipolardiffusion may re-
arrangethe field. As the jets arevery extended(in length)andnarrow objects,the
ambipolardiffusion could stronglyaffect the MHD equilibrium after the jet launch-
ing (Franket al. 1999). For thedynamicaltime scalecomparablewith theambipolar
diffusiontimescale,themagneticforcescouldno longerconfinethejet.

In Ferreira& Pelletier(1993) it is shown that, with a goodaccuracy, the ambipolar
diffusionandviscositycanbe describedby aneffective resistivity. Therefore,in our
simulationsweneglectedviscouseffectsandworkedwith themagneticresistivity.
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2.1.2 Induction equation

Faraday’s law, if weexpresstheelectricfield
�

from Ohm’s law, becomes,ì �
ìËî ö ð � ó ô ��� õ&ú ç ���� ð � ó ÿ� ð ��� õ 	 (2.8)

We entered
�

from Ampère’s law, Eq. (2.3). Theobtainedequation,describingevolu-
tion of themagneticfield, is oftenreferredto asthe“induction equation”.

In the caseof constantelectricalconductivity
�

, andintroducing ç � 1 ó ����� õ�<>=
, the

inductionequationbecomesì �
ìËî ö ð � ó ô ��� õ ï = ð � � 	 (2.9)

Thevariable
=

is calledthemagneticdiffusivity.

The ratio of the first to the secondterms in the brackets is the magnetic Reynolds
number?
@ öBADCE1F=

, whereL andU arethetypical lengthscaleandvelocity, respec-
tively. This ratiodescribestheimportanceof thediffusivetermfor theevolutionof the
magneticfield. The astrophysicallengthscalesarevery large, implying alsoa large?
@ . For example,in a completelyionizedhydrogenplasmathemicroscopicdiffusiv-
ity is

=
GIHKJL. ç ó/M 57N21 ç õ,O ë , where
JP.DöQ� � 1 ó/R . ç � õ is the classicalelectronradius,andM 5SNÓöBT UWVYXZ1 R .

is theelectronthermalspeed.

In atypicalprotostellarcase
X ö
ÿ
÷ #�[ ,

Aøö
ÿ
÷U÷�\^]�1
_

, and
C�ö
ÿ
÷U÷

AU, themagnetic
Reynoldsnumberis ?
@ ö`AaCb1
=FGdc

ÿ
÷ ê0$ . Similar is for thegalacticjetsandaccre-

tion disks.A microscopicdiffusivity aloneleadsto nonsignificantmagneticReynolds
numbersin astrophysicalapplications.

For aninfinite conductivity, (the idealMHD assumption),wecanneglectthediffusive
partin theinductionequation,whichbecomes,ì �

ìdî ö ð � ó ô ��� õ 	 (2.10)

This equationdescribesthemotionof magneticfield linesascoupledto thefluid mo-
tion. It is describedasthe“freezingin” of themagneticfield in afluid.

2.1.3 Equation of motion

Themagneticforce(theLorentzforce)in theequationof motionbecomes

ÿç
����� ö ú ÿ��� �e� óRð ��� õ 	

This,as ê� ð�ó � ò � õ = ó � òFð õ � ï �f� ó1ð ��� õ
, wecanrewrite as

ÿç
�g�h� ö�ú ÿ���ji ÿk ð�ó � ò � õ&ú ó � ò2ð õ �al ö

ö�ú ðQm � �n �po ï ÿ��� ó � òFð õ � 	 (2.11)
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Themagneticforcecanbeunderstoodasconsistingof a “magnetichydrostaticpres-
sure” q�rtsvu�wyx�z|{
}�~ andan additionalpart which describesthe tensiondue to the
curvedlinesof force.Theequationof motionbecomes������W� s'�D�hz�qp��q�r�� ��� ~�� �� } z|�K�F��~"�v� (2.12)

2.1.4 Turbulent magneticdiffusion

As discussedin � 2.1.2,becauseof the large lengthscales,in all astrophysicalappli-
cationsthemagneticReynoldsnumberfollowing from themicroscopicmagneticdif-
fusivity aloneis very large. If thereexists any magneticdiffusivity in astrophysical
systems,it is mostprobably“anomalous”,describedby macroscopicMHD instabili-
ties,i.e. theturbulence.

Theaccretiondisk is highly turbulent,andit seemsnaturalto expecttheturbulenceis
advectedby thejet/windhighabovethedisk. Thecoronalmagneticloopsarewinded-
upandthereconnectionoccurs(Miller & Stone2000).Aditionally, aninteractionwith
thesurroundingmediumincreasestheturbulenceof thejet.

The anomalousmagneticturbulenceresultsin a much smaller magneticReynolds
number. The parametrization– the sameway asin a Shakura-Sunyaev modelin the
caseof ahydrodynamicalviscosity– gives�2� s����Z�D����z|��r�� � ~��
Onechoicefor thecharacteristicvelocity � is thepoloidalAlfv énspeed, �¡�s�u£¢Fx^¤ � } � .
With ���¥s§¦Y� � andfor theunit typical velocityandlength,weobtain ¨
©«ª � ¦ .

In the termsof the time scales,it is possibleto definethe local magneticReynolds
numberastheratio of thediffusiveanddynamicaltime scale,̈
©¥s­¬L® ¯ °YxF¬L®"± ² . In the
numericalsimulationswith numericalgrid cellsof thesize ³ , ¬L® ¯ °µ´·¶¹¸»º¼z|³ w x � ~ , and¬�® ± ²½´§¶¹¸»º¼z|³0x
 �¡¾~ .
2.2 Conservation laws of stationary ideal MHD

Theaxisymmetryof theastrophysicaljetson thebig scales,andtheir relativestation-
arity, leadsto thestationaryMHD in theoreticalconsiderations.Wederivedheresome
conservation laws for a stationary( ¿)x�¿ � sÀ¦ ) andaxisymmetric( ¿)x�¿)Á�sÀ¦ ) casein
cylindrical coordinates( ¨ , Á , Â ) with theunit vectors( Ã�Ä���ÃÆÅ���Ã�Ç ). Theselaws will be
referredto in thenext chapters.

Lüst & Schl̈uter (1954),Chandrasekhar(1956)andMestel (1961)provided the first
derivationsfor the axisymmetricideal MHD in the caseof incompressibleandnon-
viscousfluid.
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Theinductionequation(2.8) is thensimplifiedto�ÉÈÊz � È��g~�s�¦�� (2.13)

Therearetwospecialdirectionsin whichvectorfieldscanbedecomposed:thepoloidal,
markedby thesubscriptp, which is thecomponentsin themeridional( ¨ , Â ) plane;and
thetoroidal, markedby thesubscriptÁ , in the Á direction.

For a decomposedvelocity andmagneticfield: � s �bË � � Åas �bË �ÍÌÎÈ¥Ï and�vs�� Ë �Ð��Å . Wecanwrite, from thesimplifiedinductionequation:�ÎÈÒÑ7z �EË � � ÅW~ÓÈÒz|� Ë �Ð��Å
~ÕÔ3s�¦Ö�
Thepoloidal componentof this,which is thetoroidalcomponentof theexpressionin
thesquarebrackets1 is �ÉÈÊz �bË Èh� Ë � � Å×È���Å
~�s�¦��
where� Å×È���ÅØs�¦ , as � Å)Ù7Ù+�IÅ .
The toroidal component,which is the polodal componentof the expressionin the
squarebracketsabove, is �ÉÈÊz �bË Èh�gÅÓ� � Å�ÈI� Ë ~�s�¦��
As theaxisymmetryis supposed,thetoroidalvectorfield �EË Èg� Ë from thepoloidal
componentcould not be a gradientof somesingle-valuedelectrostaticpotentialand
wecanwrite, for theparallelvectorfields �bË and � Ë 2

�EË s§ÚÛ� Ë � (2.14)

Here, Ú¹sÜÚ�z|¨×�yÂW~ is a scalarfunction,constantfor thesurfaceof a constantmagnetic
flux. The equationfor the toroidal componentconsistsonly of the toroidal part, and
whenwe inserttheEq. (2.14)and � s �EË �¥Ì`ÈgÏ , we obtain,afterperformingthe
rotationoperationandusing �Ý�2�vs§¦ :

¨Þz0uDÄ ¿¿)¨ �Ðu
Ç ¿¿�Â ~Pz9ßµ� Ú�u
Å¨ ~�s�¦��
for �às�uDÄ3ÃYÄá�IuDÅ
ÃÛÅ��IuáÇ"ÃÆÇ . Fromthisequationfollows,for theaxisymmetrycase,

�>�F�âzãß«� ÚÛuDÅ¨ ~äs§¦Ö�
andalongthemagneticfield line å :

ßµ� ÚÛuDÅ¨ s§æØz0¨×�yÂ�~�s§æØz0åÆ~�s�çLè2º�é � � (2.15)

1Therotationof thepoloidalvectorfield givesthetoroidalvectorfield, andviceversa.
2Notethatthetotalvelocity ê is notparallelto thetotalmagneticfield ë ; becauseof a toroidalfield

componenttheplasmacanslidealongthefield in toroidaldirection.
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For the axisymmetrycaseit is �Î�Æ� sv�Î�Æ� Ë sv¦ , andwe canwrite, alongthe
magneticfield line å :�Ý��z � � ~�s§�Ý��z � Ú�� Ë ~aì � Úd´�í�z0å�~äs§çLè2º�é � �
Wecandefineamagneticflux functionî z0¨×�yÂ�~�s �ï }âð � Ë � ��ñ (2.16)

which is themagneticflux throughacircleof radius̈ , centeredat theaxisof symme-
try. Here, ��ñ is thesurfaceelement.

As themagneticfield linesof theaxisymmetricmagneticfieldenclosetheflux surfaces,í�z î ~I´ � Ú is constantalong the correspondingflux surface. If we enter it in the
toroidalcomponentof Ampère’s law (2.3),weobtain

�¨ zãßE¨ò� í� uDÅ
~�s�æÓó�z0åÆ~�s§æÓóh�
It is Ferraro’s law of isorotation(Ferraro1937),where æÓóâs§æÓó�z î ~ is the isorotation
parameter, whichcanbeinterpreted,for illustration,astheangularvelocityof thefoot
pointsof thefield linesin thedisk.

Thefollowing two importantconservedquantitiesarethetotalangularmomentumand
energy perunit density, which areconservedalongeachmagneticfield line.

In thestationary, axisymmetriccase,theequationof motion(2.2)becomes

�� } � z»�ÉÈh�µ~ÓÈ��K��z»�ÉÈ � ~ÓÈ � s§�hz q � � �ï Ù � Ù w � � ~�� (2.17)

with thetoroidalcomponent

Ñ �� } � z|�ÉÈ��g~ÓÈ���Ô7ÅØs �¨ � �F�hzãßE¨ w ~b�
Thisequationwecanwrite as

� Ë �F�âz ¨ôuDÅ� } � � ÚYßE¨ w ~bs�¦Ö�
It follows that õ z|å�~�s�¨½ �ÅD� ¨ôu
Å� }öí � (2.18)

where

õ z0åÆ~ is thespecific(perunit density)angularmomentum,conservedalongthe
magneticfield line.

Thepoloidalcomponentof theequationof motion(2.17)will providetheconservation
law for thespecificenergy:

Ñ��� } � z»�ÉÈI�g~ÓÈ��IÔ Ë s÷Ñø�hz q � �`�ï Ù � Ù w � � ~�Ô Ë �



Theoretical conjecture 25

Whenwemultiply this equationby � Ë , weobtainBernoulli equation:ù z|å�~�s �ï   w � q � � � � æÓó�¨ôuDÅ� }öí (2.19)

alongthemagneticfield line.

2.3 The code: ZEUS-3D

In order to solve the MHD equationsfor a jet formationwe usethe non-relativistic
ZEUS-3Dcode(Clarke et al. 1994). It is a three-dimensional,non-relativistic, ideal
MHD fluidequationsolver. Assumedis afluid with acouplingof thematterto themag-
neticfield via collisionswith anionizedcomponentin whichachargeseparationnever
occurs. Magneticfields are evolved using the constrainedtransportmethod(Evans
& Hawley 1988),which guarantees,within themachinenumericalprecision,thatno
monopoleswill be generated.For the calculationof the electromotive force andthe
transverseLorentzforce,anadvancedmethodof characteristics(MOCCT, Hawley &
Stone1995)is used.Theaccuracy andstabilityof thecode,whenaneffectivepressure
is introduced,is ensuredby takingin accounttheeffectivesoundwavepropagationby
Courant& Friedrichs(1948).

Theequationswhich originalZEUS-3Dis solvingare:

¿ �¿ � �Ð�Ý��z � � ~�s�¦ (2.20)¿�z � � ~¿ � � � z � �F�ú~ � �Ð�Øq×� � � � �òû È��ç s�¦ (2.21)¿��¿ � �¥�ÉÈÊz � È��µ~�s�¦ (2.22)�ýü ¿ ù¿ � �§z � �F��~ ù�þ �aq�z»�÷� � ~�s�¦ (2.23)

For thegaslaw weappliedapolytropicequationof state

q¹s�ÿ ��� ����s ��
i.e. the internalenergy (perunit volume)of a systemin our simulationsis not solved
by theenergy equation(2.23),but definedby theinternalenergyù s q�d� � � (2.24)

For jets it is appropriateto usethe2D-axisymmetryoption for cylindrical cordinates
(R,Á ,z). The gravitational potential is that of a point mass � s ���	� x ¤ ¨ w �¥Â w
locatedat theorigin.
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In ZEUS-3Dthereis useda staggeredmesh,i.e. differentphysicalquantitiesarede-
finedin a differentgrid positions.Therearethreeintertwinedgrids: scalars(e.g.den-
sity, pressure)arelocatedat thezonecenter, themagneticfieldsandvelocitiesat the
zonefaces,andelectromotiveforces(EMFs)alongthezoneedgesof thecomputational
grid cells.

Thisschemegivesthepossibilityto solvetheequationsinvolvinggravity exactly, with-
outsofteningof thegravitationalpotential,whichcouldhaveasignificanteffectonthe
results(Bell & Lucek1995;OP97).Also, thenumberof interpolationsrequiredat the
zonefacesis reduced.Theinterpolationsareperformedwith thesecond-orderaccurate
schemeproposedby vanLeer(1974).

Numerical boundary conditions

The computationalgrid of the ZEUS-3Dcodeconsistof the activezones,wherethe
equationsaresolvedand,at theboundariesof thegrid, theghostzones,wherebound-
aryconditionsareprescribed(Stone& Norman1992a,b;Hawley & Stone1995;OP97;
Fendt& Elstner2000,hereafterFE00). Theseboundaryconditionsareexplicit equa-
tions which give the valuesof the dependentvariablesin the ghostzonesfrom the
valuesin theactivezonesof thegrid.

An “inflow” boundaryconditionmeansthatthevaluesof all thevariablesin theghost
zonesarepredeterminedanddo notchangein time.

A “reflecting” boundaryconditionis setwhenall thevariablesexceptthenormalcom-
ponentsof velocityaresetequalto thecorrespondingvaluesof their imagesalongthe
activezones.For thevelocity therearetwo ghostzones,andthenormalcomponentof
velocity is setto zeroin thefirst, andreflectedin thesecondghostzone.Thisboundary
conditionis usede.g.for settingthesymmetryaxisin cylindrical coordinates.

An “outflow” conditionis setwhentheflow is extrapolatedbeyondtheboundary. All
thevaluesof variablesin theghostzonesaresetequalto thevaluesin thecorrespond-
ing active zones.To handletheoutgoingAlfv énwavesproperly, theangularvelocity
andtoroidalmagneticfield areprojected.

For thesymmetryplanes,suchasequatorialplane,implementedis aconditionin which
thevelocity is reflected,while thenormalcomponentof themagneticfield is contin-
uousandthe tangentialcomponentis reflected.The toroidalmagneticfield is antire-
flectedatsuchaplane.



Chapter 3

Model of MHD jet formation

Oneof thecritical problemsin thetheoryof starformationis thatthegasfrom which
astarformshasanangularmomentum(perunit mass)upto amillion timeslargerthan
thatof a finally formedstar. This problemalsoemergesin thetheoryof theformation
of therotatingblackholes.

Thepresenceof anaccretiondisk in mostof thesesystemsleadsto theconclusionthat
theexcessangularmomentumis shedthroughthediskby adiskwind.

The viscousdisk theory(Shakura& Sunyaev 1973;Lynden-Bell& Pringle1974)is
unableto provide a reasonfor the outflows. If we includethe magneticfield in the
model,thewind mass-lossrateneedonly be a small fraction of theaccretionrateof
the disk for the transportof the angularmomentumthroughthe disk surfaces. The
gravitational energy that alsomustbe releasedin accretion,transportsoutwardsasa
mechanicalenergy of a diskwind.

The modelevolution of a disk wind into a collimatedjet mustconcernthe interplay
betweentheaccretionin thedisk, theejectionof matterin the jet, theaccelerationof
matterto highpoloidalvelocities,andthecollimationof thewind into anarrow beam.
A numberof studiesof magnetizedjets initiatedby thepaperof Blandford& Payne
(1982)(e.g. Camenzind1986;Lovelaceet al. 1987;Heyvaerts& Norman1989;Chi-
uehet al. 1991;Pelletier& Pudritz1992;Li et al. 1992;Contopoulos1995a),focused
mostly on the jet accelerationandcollimation. However, the questionwhich arethe
requirementsfor theaccretiondisk to beaboundaryconditionfor thejet ejection,was
not answered.All self-similarsolutionsbeforeFerreira(1997)includedsubstantially
limiting approximations.

In Ferreira’spaperthejet is constructedin aself-consistentstationaryapproach,taking
into accountthefeedbackof theunderlyingdisk. This wasfurtherdevelopedin Casse
& Ferreira(2000a,b). Essentialwas the inclusionof a dissipative mechanism– the
magneticdiffusivity – in the disk, so that the mattercould crossthe magneticfield
surfacesandbeejectedoutwards.

27
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3.1 Self-similar modelsof jet launching

The time-dependentMHD equationsaretoo complicatedto be solvedeitheranalyti-
cally or numericallywithout somesimplifying assumptions.

Thetoroidalcomponentof Ampère’s law (2.3) is

z|�ÉÈI�g~ ÅØs � }ç×û ÅØ�
Themagneticflux function(2.16)is, for theaxisymmetricmagneticfield ( ¿3x
¿3Áýs�¦ ),
ascalarpotentialwhich labelsthesurfacesof constantmagneticflux. Fromthis scalar
potentialwe canwrite, in cylindrical coordinates,the poloidal magneticfield � Ë s
� � î È�ÃYÅ . Thetoroidalcomponentof Ampère’s law wecannow re-writeas

¨Ø� � � �¨ w � î�
 sB� � }ç�� Åj�
This is the Grad-Shafranov equationand it is a partial differential equationof the
secondorder. With theself-similarityassumption1 wecanreduceit to asetof ordinary
differentialequations,andsofind theforcebalance.

In theMHD of jet formation,thehydromagneticequationsaresolvedwith suchself-
similar ansatzfor themagneticfield: u¹z0¨×��Á��,¦�~������������ is setfor axisymmetricflow
from a thin, magnetizedKepleriandisk arounda centralobjectof massM. This as-
sumptionreducesthemathematicalproblemsconsiderably.

3.1.1 Blandford & Paynesolution

In theBP82model,a centrifugallydrivenoutflow of matterfrom thedisk is possible
for the anglesof the poloidal componentof the magneticfield to the disk axis of at
least30� . BP82demonstratednumericallythat it is possiblefor an outflow to pass
smoothlythroughthecorona,nearbythedisksurface,andbestill consideredcold (i.e.
without thepressure)andinjectedfrom rest.

Thereis a mechanicalanalogy(Henriksen& Rayburn 1971),describingthis model.
The magneticfield lines are frozen into andconvectedby the disk. Becauseof the
constantangularvelocityonafield line, thegaselementson thefield linesbehave like
beadson a rigid wire. Theequipotentialsurfacesof such“beads”,releasedfrom rest
at ¨�� andcorotatingwith the Keplerianangularvelocity æ��­s! z"�	� x�¨$#� ~ are, in
cylindrical coordinates(seeFig. 3.1)� z0¨×�yÂ�~�s'� �%�¨�� ü �ï � ¨¨�� 
 w � ¨��¤ ¨ w �¥Â w þ s�çLè2º�é � �
Thecritical angleof theBP82canbederivedanalytically(see,e.g. Campbell1997,

1Self-similarity implies thatall thequantitiesaregivenby a power law of spherical(or cylindrical)
radiusalonga givendirection.
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Figure3.1: Equipotentialsurfacesfor a “beadon a wire” model(adoptedfrom BP82). The
dashedline markstheasymptotefor thesurfaceof marginal stability.

� 12). Theequationof theline makingananglȩ with thediskequatorialplaneisÂ�s'&)(�*Z¸yz|¨Í��¨���~�� (3.1)

For a unit vectoralongthe magneticfield +,��s.-0/21Û¸;Ï3�£�41657*�¸98:� the force per unit
massalongthepoloidalmagneticfield is��;� é s �%�z|¨ w �ÐÂ w ~ # � w z|¨<-0/21Û¸3�¥Â=1657*Z¸�~ � �	�¨$#� ¨>-0/21Û¸ �
A forcebalancealongthefield is achievedwhen¨?-@/21Û¸3�ÐÂA1B5C*á¸z|¨ w �ÐÂ w ~ # � w s ¨?-@/21Û¸¨$#�
In thedisk equatorialplane,where ¨ = ¨D� and Â =0, this conditionis satisfied,but the
stability of thebalanceis dependenton ¸ . If we assumeÂ�x
¨��FE 1 andexpandthelast
equationaboveandEq. (3.1) to thesecondorderin ÂWx�¨�� , weobtainÂ¨��HG zI&)(�* w ¸3� � ~Lz Â¨�� ~ �J&K(�*�¸,zI&K(L* w ¸�� � ~NM½s�¦��
Thesolutionin theequatorialplane Â =0, andthesolutionÂ¨�� s &K(�*Z¸yzO&K(�* w ¸�� � ~&K(�* w ¸3� �
showsthatfor ¸BP 0 thefield line pointshave ÂRQÍ¦ , andthatthereexistsacritical angle&K(�*S� 
 ¤ � sUTW¦ � for avalidity of thesolution.If ¸ is lessor equalto this critical angle,
theequilibriumsolutionat Â =0 is theonly one,andfor the larger ¸ ’s, a forcebalance
couldalsooccurabovethediskequatorialplane.
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Thesignof � w ; x � é w determinesthestabilityof theequilibriumpoints.It turnsout that
for ¸BP 60� , becauseof the potentialbarrier, the materialin the disk equatorialplane
requiressufficient thermalenergy to exit thepotentialwell.

The toroidal componentof the magneticfield, prevailing at large distancesfrom the
disk,collimatestheoutflow perpendicularto thedisk. Farfrom thedisk,thecentrifugal
forcesare not important,and a balancebetweenthe (inwards)hoop stressand the
(outwards)magneticpressuredeterminestheshapeof thefield lines.

Pudritz(1985)proposedthata magneticwind of Blandford& Paynecouldextractall
theangularmomentumof theaccretedmatter, insteadof turbulentviscosity(Pelletier
& Pudritz1992).

3.2 Disk-jet connection:Stationary solutions

Königl (1989),connectedthejet anddiskdynamicsfor thefirst timefor bothAGN and
YSOs,matchingthe BP82jet solutionswith inviscid MHD accretionflow solutions.
However, thediskverticalequilibriumwastreatedonly partially (by setting¿Û �Å
x�¿�Â×s¦ and  SVgst¦ ), and the heatingand radiationwere neglected. Similarly, basedon
the inductionequationof magneticfield alone,wasthecasein Lovelaceet al. (1987)
andWanget al. (1990,1992).They discussedtheelectrodynamicsof viscousresistive
accretiondiskaroundablackhole,with aself-collimatedelectromagnetic(relativistic)
jet.

Wardle& Königl (1993),Ferreira& Pelletier(1993,1995)andLi (1995)alsodirectly
matchedtheirsolutionsto BP82solutions,incompletelytreatingthediskverticalequi-
librium. This preventedthedescriptionof thechangeof radialmotion of theplasma
(theaccretion)in thedisk into averticalmotion(theejection).

The solutionwith all the dynamicaltermswasgiven in Ferreira& Pelletier(1995),
andthefinal proof that thesesolutionscanproducethesuper-Alfv énic jetswasgiven
in Ferreira(1997). In this approach,theturbulentunderlyingdisk andtheanomalous
transportcoefficientsareassumed.Themattercrossesthemagneticfield linesbecause
of theturbulentmagneticdiffusivity, andthenlifts above thedisk.

Theequationsgoverningthebehavior of suchsystemarea stationary( ¿)x�¿ � =0) conti-
nuity equation(2.1),theequationof motion(2.2),thetoroidalcomponentof Faraday’s
law (2.4)andthediffusionequation(2.9).

We will derive the last two equationsrequiredabove. For a stationarycase,from the
magneticdiffusionequation(2.8),¿��¿ � s§¦js§�QÈÊÑ � È��>� � �ÉÈI��Ô ì � û s ç� } � È�� �
with useof Ampère’s law (2.3). Thetoroidalcomponentof this equationis� û Åôs ç� } �bË È�� Ë � (3.2)
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Thetoroidalcomponentof thestationarydiffusionequationis�ÉÈ�z �bË È���Å�� � Å×È�� Ë ~bs � �ÉÈ�z|�ÉÈ���Å�~��
andit is possibleto rewrite it as

�Ý� ü �,W¨ w �hz0¨ôuDÅ
~ þ s§�÷� G �¨ z|uDÅ �EË �Ê� Ë  �ÅF~9M«� (3.3)

A “toroidal” magneticdiffusivity � W is introducedhere,toaccountfor apossibleanisotropy
with respectto a “poloidal” diffusivity � (Ferreira& Pelletier 1993, 1995). The
parametrizationof � is taken to be dueto Alfv énic turbulenceof typical correlation
lengthof orderof the disk heightscale X : � s �  �¡ZY VKX , where  �¡SY V�´ u�V�x ¤ � and�U[\ � .
Thehydrostaticequilibriumin thedisk is maintainedby themagnetictorque] ÅØs � V�u � � � � u�V��
andtheLorentzforceis responsiblefor thelifting of theplasmaabovethedisksurface.
In Ferreira& Pelletier(1993b)it is shownthattheejectionof thematterfrom thediskis
only possiblefor theKepleriandisk if theradialcurrentdensity� � decreasesvertically
ona diskscaleheight.Thereasonis thatthetorque

] Å is negative insidethedisk,and
it hasto becomepositiveat thedisk surfaceif it is to provide a magneticacceleration.
In conclusion,the matteris accretedacrossthe magneticfield lines of the diffusive
disk,andthenejectedasadiskwind – seeFig. 3.2.

Thejetsaregovernedby theejectionindex parameter, whichmeasureslocalefficiency
of theconversionof theaccretionstreaminto thejet ejection.Thedisk verticalstruc-
tureandtheangularmomentumtransferarefoundto constraintheinjectionindex, and
it lies in averynarrow range.

Anotherimportantresultin Ferreira(1997)is thatthediskverticalequilibriumimplies
aminimummassof theejectedjet. Also, thejet flow asymptoticbehavior dependson
theratio(whichhasto be ^\ 1) of theisorotationparameterto thepoloidalAlfv énspeed
at theAlfv énsurface.

3.3 Critical surfacesin the outflow

Theequationfor theconservation of total energy per unit massof the MHD flow on
eachmagneticsurface(or along the field line) canbe derived from the equationof
motion. After the scalarproductof Eq. (2.2) with � Ë , Bernoulli equation(2.19) is
obtained.In thiscontext it is referredto asthewindequation.

Theconstantspecificangularmomentum(2.18)canbewrittenasõ z|å�~äsÍßE¨ w � ¨ôuDÅ� }öí s§çLè2º�é � ´­æ`_y¨Daäz0å�~ w � (3.4)
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Figure3.2: The solutionfor a magnetizedaccretiondisk driving jet (adoptedfrom Ferreira
1997). The plasma(dotted lines) entersat the disk outer edgeand is accretedthroughthe
magneticfield (solid lines).Thediffusionenablestransitionbetweentheaccretiondiskandthe
idealMHD jet. This occursup to onedisk heightscaleabove thedisk. Higherabove thedisk,
theplasmabecomes“frozen” in amagneticfield andtheLorentzforceacceleratesit.

wherëFa is theAlfvénradius, theleverarmfor thetorqueactingatthefootpointof the
jet. Fromthisequationweseethat,asacorrotationwith therotor increasestheangular
momentumof the gas,the toroidal magneticfield must increase,for

õ z|å�~ to remain
constant.Thewind (or thejet) canremovetheangularmomentumveryefficiently due
to largeleverarm.

Now, with X for theenthalpy, Bernoulli equationcanbewrittenas

�ï   w �bX�� � �Ðæ`_2z0æ`_,¨ wa ��¨½ �ÅF~�s ù z0åÆ~�s§ç�è2º�é � � (3.5)

Thecontributiondueto themagneticfield is æ`_2z|æ`_y¨ wa ��¨½ )Å
~ .
Thereis an importantresult,first obtainedby Michel (1969),following from theEq.
(3.5). For outflowing gasat largedistancesfrom thesource,we canneglectthegravi-
tation,andfind theterminalspeedof theoutflow: dcfe ¤ ï æ`_2z|å�~"¨Fa�z|å�~�� (3.6)

Whathappenswith theportionof a gaslifted from thesurfaceof the thin, Keplerian
accretiondiskby thecentrifugalforce?Thevelocityof thematteris not high,but it is
thenacceleratedby a magneticforces.Thepropagatingmatterreaches,andexceeds,
the speedof the slow magnetosonic,the Alfv én, and the fast magnetosonicwaves.
NotethattheMHD wavesin thesupermagnetosonicjetscannot travel fasterthanthe
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Figure3.3: Threecritical pointsof theflow. Theslow andfastmagnetosonicpointsSM and
FM aredepicted,andthepointat theAlfv énsurfaceA.

fastmagnetosonicwaves.This impliesthatany disturbancefrom theinteractionof the
jet with theambientmediumcannot influencethefoot point of sucha jet.

For apolytropicgaslaw Bernoulliequation,oftenreferredto asthewind equation,can
berewrittenasù s  )w¢ï � �	�¤ ¨ w �¥Â w � æ wóï ¨ whg � wa ¨ wa ��¨ w� wa � � i w �úæ wó ¨ wa ��¨ w� wa � � � ç�wj Y ��d� �

� �?aSY ��?a 
 wBk � � 
"l �
whereM is the massof the centralobject, �?a is the Alfv én Mach number, � is the
polytropic index, andsubscript0 denotesvaluesat thefoot point of a givenmagnetic
field line. Threecritical pointsfor theflow areshown in Fig. 3.3. For all thepoints
where �?a�´à  Ë ¤ � } � x�u Ë =1 (the Alfv én points), for ¨ = ¨Da thereis no singularity.
Thisdeterminestheangularmomentum

õ s§æ�m�¨½wa at theAlfvénsurface. For theslow
andfastmagnetosonicpointsomeadditionalconstraintsfor theflow arerequiredfor a
regularsolutions(Pelletier& Pudritz1992,their � 2.2).

Nearto thedisk, in thedisk cold corona,in which thecentrifugalforcedominatesthe
gaspressure,locatedis theslow magnetosonic(SM) point. This is theMHD analogof
thesonicpoint in thehydrodynamics.Themagneticpressurehighly exceedsthegas
pressureandfarenoughfrom thecentralobject,theeffectivegravity vanishes.Thegas
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is thenacceleratedby thecentrifugalandmagneticforces.

The fastmagnetosonic(FM) speedis thespeedof a wave in the total magneticfield,
not only its poloidal component,aswasin the caseof the Alfv én speed.At the FM
point a toroidalmagneticfield becomesstrongenoughto collimatetheoutflow.

In Fig. 3.3denotedaretheslow andfastmagnetosonicpoints,with thecorresponding
radii ¨�nBo and ¨FmLo .

Projectionsof theLorentzforcefrom theEq. (2.11)parallelandperpendicularto the
poloidal magneticsurfacesare helpful to describethe outflow dynamics. The to-
tal poloidal currentflowing within the surfacesis equalto p3z|¨×�yÂ�~âsrq û Ë � ��ñ s�
çL¨ôuDÅ�x ï andthecomponentsare(Ferreira1997):sRt�uvu ´ ûxw È���Åôs'� u
Åï }�¨ � uvu pp�s t w ´ û uvu È��às�u Ë � Å
� uDÅï }�¨ � w pp� (3.7)s t ÅØs u Ëï }�¨ � uvu p �
In theseequations,û Ë s§çL�hz0¨ôuDÅW~"x�z � }�¨Ø~£ÈaÃYÅ is thepoloidalelectriccurrent,� uvu ´z|� Ë ���ú~ x�u Ë and � w ´ z»� î ����~"x)Ù � î Ù . Crossingof thecurrentthroughthepoloidal
magneticsurfaceacceleratesthe plasma( � uvu pyP ¦ ). In a consequence,a poloidal]zuvu

magneticforce is produced,anda centrifugalforce is producedvia the toroidal
magneticfield.

For avanishingcurrentp , thereis nomagneticacceleration.Thesameis for thecurrent
flow parallelto themagneticsurface.

3.4 Massflow rates in jet-disk system

Whatarethemassaccretionratesin thedisk andin theoutflow, andhow muchof the
diskangularmomentumis extracted?

Thewind massflow ratethroughacircleof radiusR wecanobtain,for thesurfacesof
theconstantmagneticflux

î z|¨×�,Â�~ definedin Eq. (2.16):{�>|ýz0¨Ø~äs ð �� �  �Ç ï }�¨ W � ¨ W s g � �EË s íÛz î ~� } � Ë ì �  �Çäs íÛz î ~� } �¨ ¿ î¿�¨ is ð �� íÛz î ~� } �¨ W ¿ î¿�¨ W ï }�¨ W � ¨ W s ð �� í�z î ~ï ¿ î¿�¨ W � ¨ W ì � {�>|� ¨ s í�z î ~ï ¿ î¿�¨5|�~}
�áíÛz î ~¼s ï ¿ {�>|¿ î � (3.8)

If thediskcontainssufficientmagneticflux for theviscosityto becomeunimportantin
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theangularmomentumequation

�Ý� g � �EË ßE¨ w � ¨ôuDÅ
�¹¢� } i s��Þ¬�� ¯ jC� �
where¬�� ¯ jC� is theviscoustorquein thedisk (the( ¨×��Á ) componentof thestress-energy
tensor),wecanintegrateit verticallyover Â :

�¨ �� ¨ z0¨��£ �ÄÛßE¨ w ~äs X� }�¨ �� ¨ z0¨ w uDÄ)uDÅ
~2Ù V���� � ¨ï } u
ÇPz|¨×�KX)~ uDÅÆz|¨×��X�~�� (3.9)

It is the angularmomentumequationfor the disk undera wind torque. The height
abovethediskequatoris X , and � is thedisksurfacedensity. At thediskequator, there
is no radialangularmomentumtransport,andwecanignorethefirst termon theright
handside.

For theaccretionratethroughthedisk
{���£s'� ï }�¨��£ �Ä weobtain{�?� � z9ßE¨ w� ~� ¨D� � ï � {�>|� ¨���� ï ßE¨ w� � õ z î ~��×s§¦j� (3.10)

For theAlfv énsurfacefar from thedisk, ¨Faäz0¨���~A� ¨�� and

õ z î ~A�tßE¨ w� .
From this equationwe seethe intrinsic linking of the wind massloss and the disk
accretionrate.

Theaccretionprocessmeansthetransportof theangularmomentumfrom thesystem.
In the disk-jet paradigm,this transportis accomplishedthroughfastandwell colli-
matedoutflows(thejets).Theidea,statedby BP82;Pudritz& Norman(1986);Königl
(1989)is simple: Therateat which theangularmomentumis removedfrom thedisk
is {� � �I� s �ï ßE¨ w {��� �I� � (3.11)

where
{��� �I� is the accretionrate throughthe disk. The angularmomentumcarried

awayby adiskwind is {� |Ýs {�>|ÖßE¨ wa � (3.12)

where
{�>| is themasslossratein thewind, ß is thelocal angularvelocity, and ¨Da is

thelocal Alfv énradius.

For all theangularmomentumremovedby thewind, wewouldobtain{�<|{��� �I� s �ï � ¨¨Da 
 w � (3.13)

Fromthisequationit followsthatfor ¨Da \ 10̈ only lessthan1%of theaccretedmass
is enoughfor theaccretionprocessto beeffectiveenoughfor removal of theexcessof
theangularmomentumfrom thesystem.Suchmasslosscomplieswith theobserved
ones.
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3.5 MHD of jet formation

Astrophysicaljets aredefinitely not stationaryobjects. Although the large-scaleap-
pearanceof a jet is static,the jet propagationis fast. And therearefastmoving knots
inside,co-moving with the jet. Also, if thedynamicsduring the initiation of theout-
flow is to be investigated,the time-dependentequationsmustbe solved. Becauseof
thecomplexity of theMHD equations,theonly currentlyeffective tool arenumerical
MHD simulations.

In general,numericalsimulationsof magnetizedaxisymmetricoutflows from theac-
cretiondiskscanbedevidedinto two approaches.Thefirst includesthediskdynamics,
andtheseconddoesnot.

3.5.1 MHD simulationsof disk and jet

Uchida& Shibata(1985)andShibata& Uchida(1985,1986)performedthefirst nu-
mericalsimulationsof therotatinggaseousdisk in alarge-scalemagneticfield. In their
“sweepingmagnetictwist mechanism”,twistingof themagneticfield linesbecauseof
the disk rotationacceleratesthe outflow (by the Lorentz force) perpendicularto the
disk planes. In differenceto the BP82mechanism,the accelerationis not magneto-
centrifugal,but causedmainly by themagneticpressuregradient(Contopoulos1994).

Their resultswereconfirmedby computationsusingtheZEUScodeby Stone& Nor-
man(1994b).They alsodiscussedtherelationbetweenthemagneticbrakingandmag-
netorotationalinstability (MRI, Balbus& Hawley, 1991).

Thediffusiveaccretiondisk in interactionwith astellardipolaratmospherewasinves-
tigatedin thesimulationsby Hayashiet al. (1996);Miller & Stone(1997);Goodson
et al. (1997);Kuwabaraet al. (2000). As a generalfeature,all showedthat the inner
disk collapsesaftera few rotations,andthat from theouterpartsof thedisk wind the
plasmoidsareepisodicallyejected.

The outflows were collimatedperpendicularto the disk, but the numericalreasons
preventedperformingof thesimulationsfor longerthanfew tensof Keplerianperiods
at the innerdisk radius. Therefore,thecollimationcouldbe influencedby the initial
and boundaryconditions. The failuresof the disk simulationswere causedby the
simplifying assumptionsof themodels,e.g.anassumptionof a constantdiffusivity in
adiskandits coronais probablynot very realistic.

In Casse& Keppens(2002) the diffusivity is only effective inside the disk, andthe
constant,quasi-stationaryejectionof matteris reachedwithin theseveral tensof dy-
namicaldisk timescales.
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3.5.2 The accretion disk asa boundary condition

A highly instructiveapproachcamefrom Ustyugovaet al. (1995). It is suggestedthat
for the MHD simulationsof a jet formationit is sufficient to treatthe accretiondisk
asa boundarycondition.With this boundarycondition,themagneticflux distribution
andthemassinflow into thediskcoronaaredefined,without inclusionof thedisk into
thecomputations.

This simplification,whenthedisk evolution is not computed,makeslong-lastingnu-
merical simulationspossible,up to hundredsof Keplerianperiodsof the disk, after
which a steadystatesolutionscouldappear. In Romanova et al. (1997)thestationary
stateof acollimatedflow hasbeenreachedafterhundredKeplerianperiods.

Ouyed& Pudritz(OP97)simulationswith a potentialfield anda hydrostaticdensity
distribution asthe initial conditions,resultedin a collimateddisk wind after400disk
rotations.Thegasis accelerated,andthencollimateddueto thepinchforcegenerated
by the outflow. Resultingstationaryoutflows have many similarities to a stationary
disk wind models. A similar result is obtainedalso in Krasnopolsky et al. (1999),
wherethe magneticfield directionis not conserved any moreduring the simulation,
but only thediskmagneticflux (alsothecasein Ustyugovaet al. 1995).

Thejet stability in three-dimensionalsimulationsis investigatedin Ouyedetal. (2003).
In the samepaperprevious two-dimensionalsimulations(OP97, Ouyed& Pudritz
1997b)areverified. Themechanismof jet accelerationshows to be identicalin both
setsof simulations,but only up to theAlfv énsurfaceof theoutflow, afterwhich non-
axisymmetricKelvin-Helmholz instability takes place. However, the jet maintains
long-termstability throughaself-limiting processin whichtheaverageAlfv énicMach
numberwithin thejet remainsof theorderof unity.

Presentobservationsstill fail to provide usinformationsaboutthe interior of thedisk
aroundthe youngstellarobjects. Numericalsimulationsare,therefore,still the only
way to try to understandtheprocesseswhich form the jets. However, in our present
simulationswecaninvestigateonly thesmallportionof thewholesystem(Fig. 3.4).

3.6 Collimation by poloidal magneticfield

Thetoroidalcomponentof themagneticfield is essentialfor acollimationandacceler-
ationof thejetsdescribedabove. The“hoopstress”(thetensionof thepartof theflow
which stopscorrotatingwith thedisk, andaddsloopsof the toroidal field to theflow
for eachrotationof thefoot point of thefield line anchoredin thedisk) collimatesthe
flow.

Spruitet al. (1997)arguethe toroidal fieldsdevelopingin a magneticallyaccelerated
jet aresufficiently unstablenot to be ableto contribute muchto the collimation. As
noticede.g.in theplasmaconfinementdevices(Bateman1980),thetoroidalfieldsare



38 Model of MHD jet formation

Figure3.4: Thescalesof numericalsimulationsandobservations.Still only thevery interior
part of the system,hiddenfrom us in presentobservations,could be simulated. The small
white box is the region insidethe dustdisk aroundthe youngstellarobjectHH30 which we
caninvestigatein our simulations.Creditsfor the top panelimage: C. Burrows, theWFPC2
InvestigationDefinitionTeamandNASA.

highly unstableto non-axisymmetricinstabilities(kink instability). Theseinstabilities
arethe resultof the free energy u wÅ in the toroidal field (Tayler 1980;Pitts & Tayler
1985). If thejet collimation is dueto thetoroidalfield, this instability directly affects
it (Eichler1993).Thetoroidalmagneticfield decayandtheinternalpressurebuild-up
dueto thekink instability coulddecollimatetheoutflow.

Thecollimationof thejet is thendueto themagneticpressurebecauseof thepoloidal
field of thedisk, andis dependenton theratio of theouterto innerdisk radius. This
ratio introducesthecharacteristicdistance,calledthecollimationdistance, which is of
theorderof thedisk radiusor less,andbeyondwhich thejet is fully ballistic andonly
weaklymagnetic.
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Theinitial field of thedisk shouldbe uÉª ¨	�,� , with ��[\ � � � (Spruitet al. 1997). It
couldbethefield internallygeneratedby somedynamoprocessor capturedinterstellar
magneticfield, andits strengthis likely to decreaseoutwardsfrom the centreof the
disk. In thecaseof thedynamo-generatedfield, theenergy densityof thefield saturates
atsomefractionof thegaspressure(Brandenburgetal.1995,Gammie& Balbus1994).
In anothercase,a compressionby the accretionflow increasesthe field towardsthe
centreof thedisk.

In Chapter5 we testedthis alternative modelby numericalsimulationswith thedisk
asaboundarycondition.We foundthatlaunchingof thejet occursindeed,if accessto
someadditionalsourceof energy is assumed(i.e. for ahotcorona).For thesimulations
with acolddiskcorona,theoutflowswerealwaysdispersedin aradialdirection,in our
setup.
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Chapter 4

Resistive MHD simulations of
astrophysical jet formation

Observationsclearlyshow thatastrophysicaljetsarenotstationaryfeatures.However,
theknotsinsidethe jet move in theotherwisestablelarge-scalejet structure,andthe
formation of knots is not necessarilydirectly relatedto the jet formation. Also, a
globalsolutionfor themagneticjet, with themagneticfield distribution from thevery
origin of theoutflow (astaror disk) to theasymptoticjet, is atpresentpossibleonly in
stationaryMHD models.

Such models,however, include substantiallysimplifying assumptionsto avoid the
mathematicalcomplicationsof MHD, connectedwith theinteractionbetweenthemag-
netic field andmatter. Therefore,with the presentcomputationalpower and its fast
advance,a time-dependentapproachprovidesthe mostpromisingmethodfor study-
ing the MHD outflows. Someof the problems,asthe questionof a self-collimation
of MHD jets,maybe answeredby axisymmetricsimulations,andsomemay require
three-dimensionalsimulationsfor thecompleteanswer, e.g.thejet launchingfrom the
turbulent accretiondisk. A caveat is that the spatialscaleinvestigatedin numerical
simulationsis still farbelow theobservedglobaljet scale.

Protostellarjets mostprobablyoriginatein the turbulent accretiondisk surrounding
youngstellarobjects.In our approachweassumethattheturbulentpatternin thedisk
alsoentersthedisk coronaandthe jet, andwe modelthe turbulenceby themagnetic
diffusivity.

Theprojectof this thesishasbeensolving the jet formationproblemin two steps:to
performa resistiveMHD simulationsof thejet formation,propagationandcollimation
with adiskasaboundarycondition(Fendt& Čemeljíc 2002;presentchapter),andthen
to includea resistivedisk in thecomputationalbox (Čemeljíc & Fendt2004;Chapter
6 here).

41
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Figure4.1: Schematicview of themodel.Aboveandunderthedisk is adiskcorona,with the
jet propagatingin bothdirectionsalongthemagneticfield lines.

Figure4.2: Lines in theZEUS-3Dcodewheretheappropriatecomponentof the ��� is sub-
tractedfrom theEMF1.

4.1 Magnetic jet fr om accretion disk

We investigatedthe jet launchedfrom a resistive, turbulent accretiondisk arounda
youngstellarobject. Onemayexpectthat theturbulencepatternin thedisk mayalso
enterthedisk corona,andthat the jet flow itself is subjectto a turbulentdiffusion. A
sketchof themodelis givenin Fig. 4.1. In this chaptertheaccretiondisk is takenas
a boundarycondition. i.e. the disk evolution is not considered. This modelsetup
is similar to themodelsin OP97andFE00,with thedifferencethatheretheeffect of
magneticdiffusion for the jet formationis taken into account. The equationsof the
resistiveMHD aresolvedusingtheZEUS-3Dcodein theaxisymmetryoption.

4.1.1 ResistiveMHD simulations

In the original versionof ZEUS-3D the magneticdiffusivity is not included,so we
includedit andperformedthe tests- thesearepresentedin theAppendixof Fendt&
Čemeljíc (2002),which is copiedin theAppendixof this thesis.

As notedin Hawley & Stone(1995),additionof a magneticdiffusivity � in ZEUS-
3D canbeaccomplishedby subtracting� û from theappropriateEMFs. Theresistive
timescalealsomustbeproperlyincludedin thecode(Fleminget al. 2000).In Fig.4.2
shown is the part of the codewith the changedcomponentof the EMF. This means
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thatinsteadof equations(2.21),(2.22)and(2.23)wehave:�ýü ¿ �¿ � ��z � �2�ú~ � þ ���âz q��gqÛ¡3~�� � � � � û È��ç s�¦ (4.1)¿)�¿ � �¥�ÉÈ � � È��K� � }ç � û 
 s�¦ (4.2)�ýü ¿ ù¿ � �§z � � ��~ ù�þ �§z�q×��qÛ¡¾~Pz»�Ý� � ~¼� � }ç w � û w s�¦Ö� (4.3)

As pointedout in � 2.3,we do not solve theenergy equation,but prescribetheinternal
energy by theEq.(2.24).Thesimplificationof not-solvingtheenergy equationis not
expectedto affect the results,asthe resistive term in theenergy equationenterswith
thefactor � x
ç w (seealsoMiller & Stone1997),andis negligible.

Additional to thehydrostaticpressureq , anAlfv énicturbulentpressureq�aâ´Ðq)xL��������5C&)�	����s4-@/2*�1�&
is includedin the equationsfor our simulations(seeOP97,FE00,Fendt& Čemeljíc
2002). Here ��� is the betaplasmaparameterfor the turbulent fluid. The Alfv énic
turbulentpressureq�aâs�Ù �
� Ù w x�{
} canbeestimatedfrom thetime-averageof afluctu-
atingLorentzforce z|�>È��
�g~DÈ��
�gx � } . Suchdisturbancespropagateadiabatically,
conservingthewave action(Dewar 1970).A radiationstresson thebackgroundfluid
behavesasanisotropicwavepressureq�a .

TheAlfv énwavesfrom thehighly turbulentaccretiondisk areexpectedto propagate
into the disk corona,providing the perturbationsfor turbulent motion alsoin the jet.
Additional Alfv énic turbulent pressurecould supportthe cold coronaabove a proto-
stellaraccretiondisk,assuggestedby theobservations(OP97).

Normalization in the code

TheZEUS-3DcodesolvestheMHD equationsin adimensionlessform. Thevariables
normalizethesystemof equationsandboundaryconditionsto their valuemeasuredat
theinnerdisk radius ¨
¯ . Therefore,̈ W s'¨Øx�¨
¯ , Â W sBÂ�x�¨
¯ , andthetime is measured
in unitsof a Keplerianrotationat the innerdisk radius.This gives � ¯ös÷¨
¯ xF S�xY ¯ , with

a dimensionlesstime ¬�s � x � ¯Es �  Z�xY ¯ x�¨á¯ . Here  Z�xY ¯�s  �	� x�¨á¯ is the Keplerian
speedat theinnerboundaryof thedisk. Thenumberof rotationsof thediskalsorefers
to thedisk innerradius.As wechoosëá¯ =1 and  Z�xY ¯ =1, in our normalization�	� =1.

Thedimensionlessequationof motionis¿ � W¿�¬ ��z � W �2� W ~ � W s ï û W ÈI� W��¯@��¯ � W � � W z�q W �aq Wa ~��¯ � W �¥� W � W � (4.4)

with � W s�¨
¯ � , � W s � x � ¯ , � W s§�gx��I¯ and � W s'� � x ¤ ¨ W w �ÐÂ W w .
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Table4.1: Thescalingunitsfor thejets.Adoptedfrom OP97.

OBJECT ¨
¯  Z�xY ¯ km/s � ¯�´ 
���2� � (days)

YSOs
� ¨$_ � ¦ ��� r � �B  � rz¡� � � �B  � � ¡�¢ ¦Y� {�T k � � � �B  � � ¡£¢ l¥¤I¦"§¤ r � �B  � r�¡

AGN (pc) � ¦W¨D¨ =10�,�ª© � x�z � ¦�«���¬�~ TY�®­×È � ¦ �  
 � �°¯� � ¦Y� ��� È � r
 �N± r ¡ � � 
 � ��¯� � � # � w
Table4.2: An exampleof usualvalues.Adoptedfrom OP97.
OBJECT Mass( �²¬ ) ¨
¯ (AU)  Z�xY ¯ (km/s) t (days)

Protostar 0.5 0.04 120 0.6
Black hole 10« 20.6 6.7È 10� 0.53

Furtherin this chapterprimeswill beomittedwhenwe referto theequationsactually
solvedin numericalsimulations.

Thefreeparameter��¯�´­{F}�q�¯ x�uÖw¯ is theplasma-� of therotatinggas,andthegasMach
number��¯Û´ � ¯�  w�xY ¯ x�q�¯ is alsoa freeparameterin thesimulations.

As we usea dimensionlessform of the MHD equations,the physicalquantitiesare
givenin unitsof their valuesat the inner radiusof theaccretiondisk ¨
¯ , andwe may
scaleourresultsto acentralobjectof any mass.Thetable4.1presentsthetableof units
for the caseof protostellar(YSOs)objectsandactive galacticnuclei (AGN). ¨F¨�sï �	� x�ç w is theSchwarzschildradius,andwithin the fiducial radius10̈D¨ relativistic
effectscanbeneglected.In theTable4.2presentedis anexample.

4.1.2 Initial and boundary conditions

In Fig. 4.3shown is thecomputationalboxin oursimulations.Thediskis prescribedas
afixed,time-independentboundaryconditionfor thejet. It is in thecentrifugalbalance
andpenetratedby aforce-freemagneticfield,definedby thecurrent-freepotentialfield
configurationof the Á -componentof thevectorpotential,³ Åôs  ¨ w ��z|ÂP®E�¥Â�~ w �Íz|ÂP®£�ÐÂW~¨ �
For this vectorpotentialit is

u � s'� ¿ ³ Å¿�Â s �¨µ´¶ � � Â�·ä�¥Â ¨ w ��z|Â�·¼�ÐÂ�~ w2¸¹ 
 � w
uDV�s �¨ ¿�z0¨ ³ Å�~¿�Â s � ¨ w �§z0Â�·ä�ÐÂW~ w �
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Figure4.3: Computationalbox in thesimulations.An initial poloidalmagneticfield threads
thedisk corona.Thedisk is a boundarycondition,with the “inflow” boundaryconditionde-
finedat its surface.

Thedimensionlessdisk thicknessÂP® satisfying z0ÂP®Z� Â�~�P ¦ for Â»º ¦ is introduced.
The initial coronaldensitydistribution is in a hydrostaticequilibrium, � s z|¨ w �Â w ~K� # ��� . The initial coronais definedby two free parameters,��¯ and ��¯ . The total
pressureweassumedto becomposedof thethermalandAlfvénicturbulentterms,q½¼vq×��q�aâ�
For thethermalatmospherein ahydrostaticequilibrium(see� 3.3.1in OP97),thegrav-
ity is balancedby thegaspressure,andthemomentumequation(4.1) is, for theforce-
freeconfigurationin theinitial setup,reducedto:�âz q��aq�aö~� ��� � s�¦��
With Xdsf�^q)xYzI� � � ~ � asthedimensionlessenthalpy wecanwrite, now in thedimen-
sionlessform, following from theEq. (4.4):X��¯ � � s§ç�è2º�é � � (4.5)

With � c­s�¦ and � s � c� s ü �d� �� �	�U��¯¤ ¨ w �ÐÂ w � � � � 
c þ 
 � k � � 
"l
andfor � s � ¯ at ¨§s�¨
¯ and �%� =1 we obtaintheconstraint��¯Ys ���� � z � � � � � 
c ~�ì ��¯Ys ��d� � s �ï s   w�xY ¯q�¯ x � ¯ �¿¾I/2À���s �� � (4.6)
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This valueis too small for thecold coronacase(OP97),andbesidesthethermalpres-
surean additionalterm is neededto provide the equilibrium (see � 4.1.1here). The
effectiveenthalpy is, with ����s�ç wj xF  w� ,X�Áã°ús'z|ç wj ��  w� ~bs g � � ���� i ç wj �
andtheequilibriumequationis thesameasEg. (4.5)with XúsÂX�Á/° . Thecorresponding
Alfv énturbulencevelocity  £��sf�
�gx^¤ � } � . Thesolutionis

� sÄÃÅ �ÇÆÉÈ� �%�¤ ¨$ÊÌË¥Â�Ê ��¯ÈzË 
Í�Î ËÐÏ � � 
c ÑÒ 
 � k � � 
"l�Ó
For Ï,cÂÔ4Õ and Ö	× =1 weobtainØ�Ù ÔÛÚxÜ ÆÉÈÜ ÝßÞ ÆÉÈ0à`á£â Ó (4.7)

The disk asa boundarycondition is time-independent,i.e. the initial potentialfield
magneticflux from the disk is considered.The toroidal componentof the magnetic
field in theghostzones( ãåäyÕ ) is chosenas æDç�èéãåäyÕ�êFÔ�ë Þ¥ì�í , where ë Þ is another
free parameter. The massflow rate from the disk surfaceinto the coronais defined
by the injectionvelocity andthedensityof the injectedmaterial. With the launching
angle î$ïðè í�ñ ãåÔòÕ�ê , which is measuredfrom the jet axis (seeFig. 4.4), thevelocity
field in theghostzoneis óôÔõèIöS÷ ñ öZç ñ öZø�êªÔUö Þvù9ú èéö£ûýü6þ7ÿFî$ï ñ ö�� ñ ö£û����2üSî$ï�ê for í � È ,
with ö Þvù�ú asa freeparameter.

In thesecondpartof � 3.1.1is givenananalyticalderivationfor theBlandford& Payne
critical angleatwhich themattercouldleavethedisksurfaceby actionof thecentrifu-
gal force.Oursetupfor thelaunchingangleis chosento matchit.

For í � È theinflow velocity is setto zero;thisdefinestheinneredgeof thedisk. The
inflow densityis givenas Ï
		Ô�� Þ¥í á 
�� Ê , with � Þ asa freeparameter. Thedisk in our
setupis an “inflow”boundarycondition(see � 2.3 for the definitionsof the boundary
conditions). In the ghostzones,which do not changein time, the valuesof all the
variablesareprescribed.

The symmetryaxis is setwith a “reflecting” boundarycondition,andalongtwo re-
mainingboundariesan “outflow” condition is set. The flow is extrapolatedbeyond
theboundaryi.e. in theghostzonesall thevariablesaresetequalto thevaluesin the
correspondingactivezones.

Fig. 4.5 shows the initial setupof a hydrostaticdensitydistribution togetherwith the
potentialmagneticfield for thepartof thecomputationalbox closeto theorigin (the
regionof the“inner jet”). Thefreeparametersin thesimulationsare: Ý�Þ =100, � Þ =100,ë Þ =-1.0,and ö Þvù9ú =0.001.Thechoiceis by OP97andFE00for reasonsof comparison.
For the plasma-

Ø
we chose

Ø
Þ =0.282(similar to OP971) or a lower value

Ø
Þ =0.141

1SeealsoAppendixA in FE00.Thefactor � ��� appearsbecauseof thechoiceof ���� = � � � ��� , which
is necessaryif we areto write � � in a form correspondingto theplasma� .
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Figure4.4: Thelaunchingangleat thedisksurface,measuredfrom thejet axis.

Figure4.5: Initial setupfor the jet simulation. Shown is the part of the computationalbox
closeto theorigin (the“inner jet”). The initial hydrostaticdensitydistribution is indicatedby
thin concentricisocontours.Thick lines denotethe initial poloidal field lines of a force-free
potentialfield.

which hassomenumericaladvantages. The lower

Ø
Þ doesnot changethe general

behavior of thejet. Thejet evolution is fasterandtheAlfv énsurfaceis slightly shifted
in the ã -direction,but the jet structureremainssimilar. For a constantparameter

Ø�Ù
,

which measurestheratio of thethermalto theMHD turbulentvelocitiesin thecorona
(seeabove), ��� scaleswith the gaspressure.Solution of the equilibrium equation
impliesEq. (4.7), i.e.

Ø�Ù
=0.03.



48 ResistiveMHD simulationsof astrophysical jet formation

4.1.3 Turbulent magneticdiffusivity

If we chosetheturbulentvelocity field ö Ù insteadof the local Alfv énspeedasa typ-
ical velocity for the turbulent diffusivity, it is possibleto definea turbulent magnetic
diffusivity �

Ù
, �

Ù Ô����Ìö Ù  "! (4.8)

With

Ø�Ù # è%$'& ì ö
Ù ê)( and $'(& Ô Ü � ì * for an adiabaticor polytropic gaslaw, we can

write ö (Ù Ô ÜØ�Ù � * !
In thenormalizedequationsit isö,+ (Ù Ô � +* + $ (&.- Þö (�/- Þ 0

Ø�Ù ñ �2À ö�+ (Ù Ô * + 1 á£â ÜÝßÞ
Ø�Ù !

(4.9)

For our values

Ø�Ù
=0.03and Ý�Þ 2 100,with a typical valuefor thenormalizeddensity* + 2 0 Õ á ( , thenormalizedmagneticdiffusivity is

�3+ 2 Õ ! Õ 05476 ���Õ ! 0�8 Ú  +0 ! Õ à !
The diffusivity changesonly weakly with the density, �:9 * â �;
 , and this is a good
estimatefor themagneticdiffusion.

We introducedandtestedthe magneticdiffusivity in ZEUS-3D(see � 4.1.1). A self-
consistentsimulationwould includea relationbetweenthe diffusion anddensityas
in equation(4.9). For simplicity, in thesimulationspresentedhere, �åÔ<$�=5>�?A@ . For a
comparison,thesimulationswith �B9 * â �;
 setupwererun,andnosignificantdifference
hasbeenobserved.

4.2 Computational grid

As alreadymentionedin � 2.3, the numericalmeshof ZEUS-3Dis a staggeredgrid,
wheredifferentphysicalquantitiesaredefinedin a differentgrid positions.Oneref-
erenceset of global simulationswe performedwith the high resolutionruns. The
numericalmeshwas( C2Õ2ÕBDFE�Õ�Õ ) grid points,in thedomain(z D R)=(280D 40)RÞ .In order to investigatethe effects which concernonly the grossbehavior of the jet
flow andnot its structurein detail, anothersetof simulationswith lower resolution
hasbeendone. Therethe numericalmeshwas(280D 80) grid points, in the domain
(z D R)=(140D 40)RÞ .Theselower resolutionsimulations(with the computationaldomain for a factor 2
shorterin the direction of propagation)were much fasterto compute,and allowed
to follow thejet evolution for a very long time (up to 4000disk rotations),evenin the
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caseof ahighmagneticdiffusivity. All otherparameterswerethesameasfor thehigh
resolutionruns.

Thereweresomenumericalartifacts(a spuriousvelocitypattern)in thecornersof the
grid wheretheoutflow boundaryconditionsinteractswith theother(inflow, reflecting)
boundaryconditions,but aswemainlyconcentrateon theinnerpartof thejet flow, the
resultsarenot affectedby theseeffects.

4.3 The jet evolution

We performedthe simulationswith differentnumericalresolutions,andtopicsof in-
terestwere:

i) The“global jet”, in domainsof differentphysicalsizein orderto investigatethe
influenceof boundariesandto obtainaninformationaboutthelarge-scaleflow,
and

ii) The “inner jet”, wherewe investigatedthe inner substructureof the global jet,
closeto thejet axisandtheaccretiondisk.

We wereinterestedin the caseof a typical MHD jet flow startingasa sub-Alfvénic
(but super-slow magnetosonic)flow from thedisk surface,beingacceleratedto super-
Alfv énicandsuper-fastmagnetosonicspeed.Thereexistsanothercase,wherematter
is injectedinto the disk coronaalreadywith super-Alfv énic speed. It appliesfor a
relatively weakdisk poloidal magneticfield, as for examplein the caseof a central
dipolarfield with astronggradientin aradialdirection.Thesewindsareinitially driven
by the (toroidal) magneticfield pressuregradientin a vertical direction(Lovelaceet
al. 1987;Contopoulos1994;FE00).

A positionof the Alfv én surfacechangesuntil the quasi-stationarystate(seebelow)
is reached.This surfacemayadvanceinto the disk for small radii, andthe character
of the MHD flow is thenchanged.For a smallerthanmoderatemagneticdiffusivity
( � ä Õ ! 4 ), the locationof the Alfv én surfaceis alwayswithin the active zones,well
abovetheaccretiondiskboundary. Theinitially super-Alfv énicjetswedonotconsider
here(seeContopoulos1995b).

The differentspeedof the large-scaleflows with andwithout the magneticdiffusion
includedis shown in Fig. 4.6. With increasingdiffusivity, thebow shockpropagates
slower. Beforethe build-up of the bow shock,the disk coronahydrostaticequilib-
rium is slightly modifiedby the propagationof the torsionalAlfv én wave from the
disk surface. Behind the bow shock,thereremainsa cavity with dilute densityand
high velocity. The toroidalmagneticfield is initially generateddueto thedifferential
rotationbetweentherotatingdiskandthestaticcorona,but laterit is dueto theinertial
forcesof thematterin theMHD flow. Theinternalstructureof thejet behindthebow
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Figure4.6: Globalevolutionof thejet in thedomain( GIHKJ )=(280H 40)J Þ with aresolutionof
(900H 200)grid elements.Shown is thestateof evolutionafter L =400rotationsof thediskinner
radiusfor differentmagneticdiffusivity, M =0 (top), M =0.01(middle), and M =0.1(bottom). Thin
lines denote30 logarithmicallyspacedisocontoursof density. Thick lines denote20 linearly
spacedmagneticflux surfaces(or poloidal field lines). The parametersare N Þ =100, O Þ =100,P Þ =-1.0, Q Þ =0.282,and R Þvù9ú =0.001. Note the preserved initial hydrostaticdensityandforce-
freefield distribution in front of thebow shock. Thefiguredemonstratesthat thebow shock
advancesslowerwith increasingdiffusivity.
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Figure4.7: The evolution of the inner jet approachesthe quasi-stationarystate. Shown are
poloidalmagneticfield lines in thecaseof M =0.1 for differenttime steps,L =250,300,350,400
(thick solid, thin solid, dashedanddottedlines). The samesetupasin thesimulationin Fig.
4.6,exceptthatnow Q Þ =0.141.Thegrid sizeis ( SUTWVXHYTWV ) grid elementsin thedomain(140H
40)J Þ . Thepictureshowshow thepoloidalmagneticfield linesdiffuseoutwardsbut approacha
(quasi)-stationarystateafter400rotations(seethedashedanddottedlinesalmostcoinciding).

shockis smootherfor a diffusive jet. The “wiggles”, which seemto be a numerical
artifactfor � =0,arealsolessprominent.

The patterninside the jet, the blobsor knots, which is mostprominentin the ideal-
MHD jet, is not connectedwith thejet knotsobservedin protostellarjets. Thesizeof
these“knots” is abouttheinnerdiskradius,anddependsfrom thenumericalresolution
andthe massinflow condition. The time scaleof knot formationin our simulations,
as it is for similar structuresin OP97,Goodsonet al. (1997; 1999)andGoodson&
Winglee (1999), also supportsthe conclusionthat they are purely numericaleffect.
For theresistivejets,thisstructureis significantlysmoothedalreadyfor alow magnetic
diffusivity.

4.3.1 Evolution of the inner jet

Now we will discusstheevolution of the innersubstructureof theglobal jet closeto
thejet axisandtheaccretiondisk. Thesizeof the“inner jet” domainis è.Z2ÕYD[ELÕ�ê íDÞ .This partof the jet is chosenasnot influencedfrom any outflow boundarycondition
or the jet evolution in a global scale. As a major part of the global jet is superfast-
magnetosonic,thereis no physicalway to transportan informationfrom this part in
upstreamdirectioninto theinnerjet.
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Figure4.8: Thede-collimationof thestationarystatepoloidalmagneticfield dueto magnetic
diffusivity. Thesamesetupasin Fig. 4.7. Thelinesrepresentthepoloidalmagneticfield line
distribution of theinnerjet in thestateof quasi-stationarity( L]\[^5VUV ), for vanishingdiffusivityM_\`V (thick) andfor Ma\bV
ced (thin).

Figure4.9: Comparisonof the poloidal velocity vectors. Shown are the poloidal velocity
vectorsat thetimeof quasi-stationarity. Over-plot of thevelocityfield for the M =0simulationatL =350with the M =0.1simulationat L =400.Thede-collimationvisible in thepoloidalmagnetic
field lines (seeFig. 4.8) is not presenthere. The thick line indicatesthe Alfv én surfaceforM =0.1,andthe thin line thefast-magnetosonicsurface.

4.3.2 Quasi-stationarity of inner jet

Fig. 4.8 shows an over-plot of the poloidal magneticfield lines resultingfrom the
simulationsat the time stepsof @<Ô E 4 Õ ñgf Õ2Õ ñhf 4 Õ ñgi Õ�Õ disk rotations,respectively,
in the caseof relatively large magneticdiffusion � =0.1. The field lines first diffuse
outwardsand then,after hundredsof rotations,the field distribution approachesthe
quasi-stationarystate.

The outflow evolved into a stationarystateafter several hundredsof disk rotations,
closeto thedisksurface.Suchastationarystateis denotedasquasi-stationary- asthe
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Figure 4.10: Magneticdiffusivity and global time scales. Left Global magneticReynolds
numberasdefinedfrom thescaleof thecomputationalbox of theinner jet j`\:SWV
kglm\ml � .
Shown is the J � -profilealongslicesin n -directionat Jo\opqk'd'rsk)SWV (solid,dotted,dashedline,
respectively), for the simulationrun with M[\tV
ced , Q Þ \uV
cedg^3d . The plots basicallyshows
thevariationof thetypical velocity l , for which the local Alfv énspeedis chosen.RightThe
time of stationarity. This plot shows, for differentmagneticdiffusivity, the time periodwhen
the inner jet reachesa quasi-stationarystate.This time is estimatedfrom theevolution of the
poloidalmagneticfield lines(seeFig. 4.8)andtheerrorbarsindicateouruncertainty.

outerregionssurroundingthis inner jet flow still evolve in time. Existenceof sucha
stategivesthepossibilityfor investigationof theinternalforcesactingin thejet, since
theequationsof stationaryidealMHD andits conservation laws maybeusedfor the
interpretationof a jet flow.

In thecaseof an idealMHD jet a stationarystateof the inner jet is reachedafterap-
proximately @ =350 disk rotations. For a resistive jet this canbe quite different,and
it alsodependson theplasma-betaparameter

Ø
Þ . In fact, theexistenceof suchquasi-

stationarystateis not necessarilyexpectedin thecomputationswith themagneticdif-
fusion included. The magneticfield could just decayforever. However, in the setup
aspresented,for the magneticdiffusion vanishingor not, we have an energy reser-
voir establishedconstantlyby the disk rotationandaccretion,andeventuallyby the
gravitationalpotentialof thecentralstar. A lossof magneticenergy in the jet canbe
replenishedby theconstantPoyntingflux rising from thedisk. Thismechanismworks
in thecaseof an idealMHD jet (wherethe jet carriestheenergy out of thecomputa-
tional box),andtheadditionaleffect dueto magneticdiffusivity is smallcomparedto
thetotal energy flow in thejet.

In general,our simulationsshow that with increasing� the flow reachesthe quasi-
stationarystateat a later time. For a smallerthanmoderatemagneticdiffusivity ( � �Õ ! 4 ), we find an approximatelylinear relation betweenthis time and the diffusivity
(Fig. 4.10).
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Table4.3: Thetypicalnumbersfor oursimulationsfor adifferentmagneticdiffusivity M . The
diffusive timestep vgw , Alfv éntime step v � , theglobalmagneticReynoldsnumberJ � andthe
magneticturbulenceparameterx � .� y w y�� í � �]z

0 { 0.258 { 0
0.1 0.625 0.293 40 0.025
0.15 0.417 0.084 30 0.033
0.25 0.25 0.136 20 0.05
0.5 0.125 0.080 10 0.1
1 0.063 0.183 8 0.125

2.5 0.025 1.394 4 0.25

For higherdiffusivity then � =0.5, theAlfv énsurfacehasbeenadvancedinto thedisk
for small radii andtheMHD flow wasalreadyinitially super-Alfv énic. However, we
showedherethetimeof quasi-stationarystatefor thesecasestoo,for completeness.In
Fig. 4.10is plottedthevariationof themagneticReynoldsnumberí � alongthejet in
thecase�<Ô Õ ! 0 . As í � doesnot changealongthe jet by morethana factorof two
(this is similar for otherdiffusivity), this valueprovidesa goodestimatefor theglobal
jet dynamicalbehavior.

For the time whentheflow reachedthequasi-stationarystate,we tablethe local time
stepof themagneticdiffusionandtheAlfv én time step,togetherwith theglobal í �andtherelated�]� . A “typical” valuefor theAlfv énspeedwithin thegrid of theinner
jet couldbechosen,becauseof theminor variationin í � .

In additionto thediffusivetimescale,therearethreeotherimportantinitial timescales
at thedisk surface: theKeplertime y�� , theAlfv én time y�� andthemagneticbraking
time yA| 2. y��FÔ~}Rþ7ÿ 6 íö�� 8 ñ y���Ô�}hþCÿ 6 @��@ Þ 8 Ô~}Rþ7ÿ 6 íö,� 8y�|zÔ~}Rþ7ÿ 6 @�|@ Þ 8 Ô�}hþCÿ 6 � Þ íö,��ï 8 Ô�� Þ D�y�� !
For thesetimescalesin oursimulations,with }Rþ7ÿxè�y��¿ê =1 atR=1:è�yA� ñ y�� ñ y�|Sê2Ô�è 0 ñW� ÝßÞ

Ø
Þ¥ì E ñ � Þ�� Ý�Þ

Ø
Þ ì ELê !

4.3.3 Jet velocity and collimation

Thevelocity anddegreeof collimationof a jet aredirectly observablequantities,and
thusthemostinteresting.

2The time a torsionalwave propagatinginto the ambientmediumneedsto traversean amountof
matterwhosemomentof inertiaequalsmomentof inertiaof thedisk(Mouschovias& Paleologou1980).
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Figure4.11:Variationof thejet velocityandmagneticfieldwith differentmagneticdiffusivity,M�\�V (solid), M�\�V
ced (dashed), M�\mV
c�� (dotted). Shown is theprofile of thepoloidal (left)
and toroidal (right) componentsof the velocity (top) and the magneticfield (bottom) in n -
directionat J�\�d'� at thetime of quasi-stationarity. Thevelocity componentsincrease,while
themagneticfield strengthdecreaseswith increasingM (exceptfor themagneticfield justabove
thedisk,seetheendof presentsection).Notethedifferentscalesfor Rq� and R�ç . Theboundary
valuefor thetoroidalvelocity is theKeplerianvalue R°ç�\bV
c�SU�UT at Jo\�d'� .
In Fig. 4.9 shown are the poloidal velocity vectorsin the inner jet for �UÔÄÕ and�3Ô Õ ! 0 . They aretakenat time whentheflow hasreachedthequasi-stationarystate,
andclearlyshow theself-collimatingpropertyof theMHD flow. Thevelocity vectors
becomemoreandmorealignedwith thejet axisalongtheflow, exceptfor a region of
low collimationcloseto thedisk, wherethevelocity vectorspoint in radialdirection
(with 2 i 4s� half openingangle).

Forverylow magneticdiffusivity ( �Hä Õ ! Õ 4 ) theapparentde-collimationof thepoloidal
magneticfield lines(Fig. 4.8),which is presentfor a weakmagneticdiffusivity ( �åÔÕ ! Õ 0 ), is not visible in thepoloidalvelocity (Fig. 4.9). Theflow evolution hasreached
a quasi-stationarystatein both casesat @%Ô i Õ2Õ . This illustrateshow, in contrastto
the ideal MHD, in the caseof diffusive MHD a miss-alignmentbetweenö£û and æFû
is possible. Up to � =0.5 this mismatchbetweenthe poloidal velocity andmagnetic
field vectoris weakfor large ã andabout

4 ��� 0 Õ � at smallheightsabove thedisk. We
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obtaina collimatedflow alongtheaxis,but themassloaddistributionvariesimplying
a variationof themassflow ratethroughthe í and ã -boundarieswith � . For a larger
magneticdiffusivity ( ���'Õ ! 0 ), a de-collimationof themassflow is alsoobserved(see
below).

Both the poloidal andtoroidal velocity increase,andthe magneticfield components
decrease,with theincreasingdiffusivity. This is shown in Fig. 4.11,wherethevelocity
andfield componentsalongthejet atadistanceof

054 íDÞ from thejet axisareshown. A
conclusion:matterin thediffusivejetsis faster.

The decreaseof the toroidal velocity just above the disk canbe explainedwith the
increasingof the toroidal field with height(seealsoFig. 4 in OP97),andthe larger
slideof thematteralongthefield line. Namely, at someradiusalongthedisk surface
the strengthsof the toroidal andpoloidal magneticfields equal,andasthe matteris
corotatingwith thefield lines (foot pointsof which rotatewith Keplerianspeed),for
thedominatingpoloidalcomponentof themagneticfield, thetoroidalvelocity would
increase. Whenthefield componentsareequal,æ�ç�ÔfæDû , theslidebecomeslarger.

The apparentnon-matchingof the magneticfield strengthand the toroidal velocity
with thegivenboundaryconditionin theresistivesimulationsis generatedby thejump
in diffusivity betweenthedisk (in theghostzonesof thecomputationalbox) andthe
corona. Whenleaving the disk surface,the magneticfield lines are immediatelyaf-
fectedby diffusion,andthemagneticfield strengthis changing.

4.3.4 Massand momentumfluxes

The fluxesacrossthe surfacesparallelto the accretiondisk boundarycanbe defined
by: �× Ô�� ÷������ï E�� í * ö,�)� íÂñ �×Uö,�AÔ�� ÷������ï E�� í * ö (� � í ! (4.10)

Thesearethemassflux andthekinetic ã -momentum(i.e. themomentumin ã -direction)
flux alongthejet axis.

For the inner jet í �]� � =20, andthe integrationis along ãA�]� � =60. Theflux away from
the jet axis, in R-direction3, is definedcorrespondinglyby the integrationalong theí �]� � -boundaryfrom ã =0 to ã = ãA�]� � . Thecorrespondingflux into the jet hasto bein-
tegratedalongthe ãRÔyÕ axis. This flux is prescribedby thedisk boundarycondition.
Whenmostof the massand/ormomentumflux in the computationalbox is directed
alongthejet axis,thejet is collimated. Thetimedependenceof themassandmomen-
tum fluxesfor differentdiffusivity is shown in Fig. 4.12. Themassflux acrossí and
the ã -boundaryandthekineticmomentumflux in í andthe ã -directionareintegrated
alongtheoutflow boundaries.During thefirst

0 Õ2Õ � E�Õ2Õ rotationsthefluxesarelarge,
andthe reasonis that initially hydrostaticcoronais exiting the grid of the inner jet.

3Themomentumflux in ¡ -directionacrossthe ¢¤£,¥%¦ -boundaryis §¨ª©s«/¬®­°¯�±�²´³µ ¶ �3¢¸· ©q« ©s¹�º ¢
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Whenthe bow-shockleavesthe innergrid, the massflow in the jet is determinedby
themassinjectionratefrom thediskboundarycondition.

Thesolidline (inflow condition)comparedto thesumof thedotted(radialoutflow) and
the dashedlines (axial outflow), shows that the massinflow from the disk boundary
into the jet is equalto the masslossacrossthe boundariesin í - andthe ã -direction,
asshouldbein thestationarystate.Theobtainedresultis in goodagreementwith the
analyticalresult4.

Similaranalyticalintegrationfor themomentumflux givesamomentumflux from the
disk into the jet of

�×Uö,� = 0 !¼» D 0 Õ á3½ . This is muchbelow thenumericalvalueat the
first active zone,andreasonis that themomentumflux is not conservedasthematter
becomesacceleratedin thejet, becauseof gainof kineticenergy of theMHD flow.

The kinetic momentumflux in ã -direction acrossthe ã = ãA�]� � boundarycan be well
estimatedby the integratedmassflow rate

�× multiplied by the mean ö�� -velocity at
this position. Negligible kinetic momentumflux in í -direction is leaving the inner
boxacrossthe ã -outflow boundaryfor the � =0 case(as

�×4ö,� 2 0 ! 4 DhÕ ! Z =0.9),similar
to theresultfrom oursimulations.

In Fig. 4.12presentedis therunwith � =0.5.A massinflow ratein dimensionlessunits
is 1.5,andthemasslossrateacrossthecomputationalgrid boundariesin ã -directionis
about0.45and1.05in í -direction.For thevanishingdiffusivity, whereabout70%of
themassflow leavesthebox in ã -direction,themassflow for � =0.5is lesscollimated5.
For thesimulationswith higherdiffusivity �3Ô 0 ! Õ , whenthemassinjectionfrom the
disk boundaryis partly super-Alfv énic, the massflow is even lesscollimated,but as
alreadycommented,it is anotherphysicalsytuation.

A conclusionconcerningthevelocity vectors:evenif they canhavesimilar directions
for the diffusivity up to � =0.5, the massload alongthe streamlines canactuallybe
different.This is dueto thefact thatcentrifugalforcesmaydrive thematteroutwards
acrossthemagneticfield lines(becauseof themagneticdiffusion),enhancingthemass
flow ratein a radialdirection.

As alreadypointedout,for thedegreeof jet collimationdefinedby themassflux across
thejet boundaries,thereexistsacritical value �q¾�¿ of themagneticdiffusivity (seeFigs.
4.12and4.13).In Fig. 4.13theratioof themassflux leaving thegrid in ã -directionto
thatin í -directionis shown for differentdiffusivity for a timewhenthebow shockhas
left the innerbox. For a high diffusivity ( �q¾�¿ 2 Õ ! f , but theactualvaluedependson
theplasmabeta

Ø
Þ , too) thatratiobecomeslessthanunity, i.e. themassflow is weakly

collimated.

If weconsiderthemomentumflux, thepictureis somewhatdifferent,asthemomentum
flux in ã -directionis alwayslarger thanthat in í -direction. In our simulationsa ratio

4Theintegratedinflow massratebeing §¨ =1.41.
5In supportof this conclusionarealsotherecentresultsfrom thediffusiveMHD simulationsof the

jet formationout of the accretiondisk (Kuwabaraet al. 2000),whenthe jet launchingfrom the disk
critically dependedon thestrengthof diffusivity.



58 ResistiveMHD simulationsof astrophysical jet formation

of themomentumfluxesin eachdirectionis about5 – 8. In otherwords,if thedegree
of collimation would be definedby the momentumfluxes, the jets would perfectly
collimatealso for higherdiffusivity. This shows the big efficiency of conversionof
therotationalkinetic energy into poloidalkinetic flux for a rotatingMHD flows. But,
the densitydistribution (i.e. the massflow distribution) is, in our opinion, the best
theoreticalequivalentto theobservedintensity, aslong asthereareno emissionmaps
providedby thesimulations.

4.4 Lor entz forcesin the jet

How the jet internal structureis modified in our resistive MHD simulationsby the
effectof magneticdiffusivity, comparedto theidealMHD simulation(OP97)?

Therearethreemainpoints:

(1) The poloidal magneticfield structurefor any value of magneticdiffusivity is
de-collimated;

(2) For astrongdiffusion,thehydrodynamicflow is alsode-collimated;

(3) Thejet velocity increaseswith increasingdiffusivity.

In theMHD simulation,asin realastrophysicalflows, very complex physicaleffects
combine(the pressureandgravity intertwinedwith the magneticandinertial forces)
and to make a distinctionbetweentheir contributions is not straightforward. In the
paradigmacceptedhere,themagneticfieldsarethemaindriver for theflow accelera-
tion andself-collimation,soinvestigationof theLorentzforcesin thequasi-stationary
stateshouldrevealthephysicalmechanismat work.

In Fig. 4.14 the resultsfor differentmagneticdiffusivity areshown for the Lorentz
forcecomponents( ÀKÁq- Â , À Áq-ÄÃ , ÀKÁq- ç ). Also, computedarethecorrespondingaccelera-
tions( ÀKÁ ì * ) alongafield line (or, respectively, alongthecorrespondingmagneticflux
surface)leaving the numericalgrid of the inner jet at ( í ÔÅE�Õ ñ ã²ÔÆZ�Õ )6. The foot
pointsof theseflux surfacesarebetweení Ô 4

and í Ô »
alongthedisk surfaceand

theAlfv énpointsareat aboutã�ÔmE 4 ñ 054 ñ 4 (for � =0,0.1,0.5,respectively).

The magnitudeof the Lorentz force in our simulationsgenerallyincreaseswith in-
creasingmagneticdiffusivity, althoughthemagneticfield strengthdecreaseswith in-
creasingdiffusivity (Fig. 4.11). ThemaximumLorentzforce is in that region before
theAlfv énpoint wherethecurvatureof thepoloidalfield is largest,i.e. themagnetic
acceleration is themostimportantpartof themechanismhere.

6Note that due to the magneticfield de-collimationwith Ç , we comparedifferent magneticflux
surfaces.
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Figure4.12: Time evolution of themassflux andkinetic momentumflux for differentmag-
netic diffusivity, M[\tV
k�V
cedWk�V
c�� (top, middleandbottomfigures,respectively), in the inner
part of the jet, È�nBH�JÊÉ�\uÈ�ËWVBHªSWV�É J Þ . The final point of eachline correspondsto the end
of thesimulationwhenthe(quasi-)stationarystatehasbeenreached.Shown is themassflux
(left column)acrossthedifferentboundaries.Themassinflow acrossthefirst active grid cells
alongthe( n_\oV )-boundary(solid), acrosstheouter( n_\Ìn �]� � ) axial boundary(dashed), and
acrosstheouter( J�\�J �]� � ) radialboundary(dotted). Also shown is thekinetic momentum
flux acrosstheboundaries(right column).Thesolid line denotesthepoloidalkinetic momen-
tum flux acrossthefirst active grid cellsalongthe( n_\ÌV )-boundary. Notethat this is already
evolvedfrom thevalueof theboundarycondition.Thedashedline denotesthemomentumflux
in n -directionintegratedalongtheoutflow boundaries.Thedottedline denotesthemomentum
flux in J -directionintegratedalongtheoutflow boundaries.
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Figure4.13: Time evolution of themassflow ratio betweentheradialoutflow boundary(the
massflow in J -direction)andthe axial outflow boundary(the massflow in n -direction) for
differentmagneticdiffusivity, MÍ\�V
k�V
cedWk�V
c�� (solid, dashedanddottedline, respectively), in
the inner partof the jet, È�nBHÍJÊÉÎ\<È�ËWVBH�SWV�É J Þ . Thefinal point of eachline correspondto
the endof the simulationwhen the (quasi-)stationarystatehasbeenreached.For a higher
diffusivity, themassflux ratio in thequasi-stationarystateincreases,indicatinga decreasein
thedegreeof collimation.

Suchanaccelerationpurelyby magneticforcescomplieswith anenhancedmagneto-
centrifugaleffect picture. For the parallelcomponent,with increasingmagneticdif-
fusivity, the poloidal velocity increases– seeFig. 4.11. Becauseof highervelocity,
theinertial forcesarestrongerand,for moderateheightsabovethedisk,the(diffusive)
fluid will tendto maintaintheradialdirectionevenif thefield linesbendin thedirec-
tion of the jet axis. The massflow is re-distributedalongthefield line. As couldbe
expectedfor theincreasinglycollimatedflows,theparallelcomponentandthetoroidal
Lorentzforcecomponentsdecreaserapidlywith increasingã . Thetoroidalcomponent
acceleratesthe plasmain a toroidal direction,addingan additionalcentrifugaleffect
which drivesthematterin a radialdirectionto diffuseacrossthemagneticfield. This
is why themassflow rateincreasesalongtheouterstreamlineswith increasing� .
For the correspondingcomponentsof the acceleration,what onewould expect from
the standardMHD jet model is that, comparedto the perpendicularcomponent,the
parallelandthe Ï componentsof thecorrespondingaccelerationhave a steepermax-
imum anddecreasebeyond the Alfv én point. This is confirmedin our simulations.
The perpendicularcomponents7 aresubstantialthroughoutthe whole inner jet. This
indicatesthatalsoin theasymptoticregimeof thecollimatedjet theflow is collimated

7The perpendicularcomponentscollimatethe flow, so the sign for Ð�ÑUÒ Ó is definedpositive for the
forcevectorpointingradiallyoutwards,andtheincreaseof Ô Ð�ÑUÒ ÓKÔ indicatesanincreaseof thecollimat-
ing Lorentzforce.
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Figure4.14: Lorentzforcesin thejet for differentmagneticdiffusivity MX\ÌV
k�V
cedWk�V
c�� (solid,
dashed,dotted lines).Leftcolumn:(Normalized)valuesof theforcecomponentperpendicular
(top) andparallel(middle) to the field line andthe toroidal component(bottom), ÕÖÁs- Â , Õ Ás-ÄÃ ,Õ×Ás- ç , alongaflux surfaceleaving theboxof theinnerjet closeto ( Jo\bSWV
k�na\bËWV )-corner(see
Figs.4.7andFig. 4.8).Thesignis definedasfollows. For Õ×Ás- Â thepositivesigndenotesthe Ø -
direction(de-collimatingforce).For Õ Ás-ÄÃ thepositivesigndenotesthe n -direction(accelerating
force).For ÕÖÁs- ç thepositivesigndenotesthe Ù -direction.Rightcolumn:Correspondingvalues
of themagneticaccelerationÈ�Õ×Ás- ÂÛÚ�Ü�É , È�Õ Ás-ÄÃ Ú�Ü
É , È�Õ×Ás- çqÚ�Ü
É .
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by theseforces.

As for � =0 and � =0.1 thereis only a slight differencein the strengthof the perpen-
dicular componentsof force andaccelerationat large distances,the degreeof local
flow collimation shouldbe similar. This is visible in the poloidal velocityvectorsin
Fig. 4.9,which arewell aligned.As for � =0.5we areabove thecritical value ��¾%¿ , the
perpendicularcomponentsaremorechanged.

In conclusion,the perpendicularLorentzforce is shown to be essentialfor the colli-
mationof theentire(inner)flow. Highervelocitiesin thejet flow aretheresultof the
increasingparallelLorentzforcewith increasingdiffusivity, andthe toroidalLorentz
forceaddsan(centrifugal)pushto thematterin thestill uncollimatedpartsof theflow.

4.5 Summary of the results

The time–dependentsimulationsof the formationof axisymmetricprotostellarresis-
tive MHD jets areperformed,with investigationof the collimation andacceleration
of the outflow. For this task, we implementedthe physicalmagneticdiffusivity in
the ZEUS-3Dcode. The accretiondisk hasbeentaken as a fixed boundarycondi-
tion, andtheinitial setupis for a force-freemagneticfield in a hydrostaticcorona.An
assumptionof constantdiffusivity is taken,althoughthediffusivity self-consistentto
theturbulentAlfv énicpressurewasanalyticallyestimatedandsimulated,but wasnot
foundto affect themainresultssubstantially.

Themainresultsare:

(1) In theglobalscaleof oursimulation,thejet bow shockadvancesslower through
theinitial hydrostaticcoronafor theresistive jets.Thereasonis lowermassflux
in thedirectionalongthejet axisin thesejets.As expected,theinternalstructure
of the jet is lessdisturbedin the caseof diffusion. The Alfv én surfacecomes
closerto thedisksurface.

(2) For our modelsetupwe find that,similar to thecaseof idealMHD jets(Ouyed
& Pudritz1997a;Krasnopolsky etal. 1999;Fendt& Elstner2000),alsoresistive
MHD jetscanreacha quasi-stationarystate.With increasingmagneticdiffusiv-
ity, thequasi-stationarystateof thejet is reachedlater.

(3) With increasingdiffusivity the jet poloidal velocity increases.Thedirectionof
the velocity vectorsdoes,however, only changeweakly. At the sametime the
poloidalmagneticfield distributionbecomesincreasinglyde-collimated.

(4) As apropermeasureof thedegreeof collimationwesuggesttheratioof themass
flux alongandperpendicularto the jet axis. If we comparethemassflow rates
throughthegrid boundariesfor differentdiffusivity, wefind strongindicationfor
theexistenceof acritical valuefor themagneticdiffusivity �q¾�¿ concerningthejet
collimation. Beyond this valuewe still find an almostcylindrically collimated
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streamalongthe jet axis, however, the bulk massflow is in a radial direction.
For our setup,thecritical (normalized)diffusivity is about �q¾�¿KÝ Õ ! f .

(5) Wediscussaself-consistentpicturewheretheseeffectsof jet de-collimationand
accelerationareexplainedin the context of Lorentzforces. The perpendicular
Lorentzforceis essentialfor thecollimationthroughouttheentireflow alongthe
jet axis.TheparallelLorentzforceincreasesfor increasingmagneticdiffusivity
andgivesriseto thehighervelocitiesin thejet flow. ThetoroidalLorentzforce
acceleratestheplasmain a toroidaldirection. This leadsto additionalcentrifu-
gal forcesre-distributing the massflow ratesacrossthe magneticflux surfaces
towardsthe outer(yet un-collimated)partsof the flow. The latter two compo-
nentsplayno role for largerdistancesalongtheflow.

Ourconclusionis thatthemagneticdiffusivity couldbesubstantialfor thejet formation
process.It is assumedthatturbulencefrom theaccretiondisk will enterthedisk wind
andwill befurtheradvectedinto thejet.
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Chapter 5

Numerical simulationsof jet formation
without toroidal magneticfield

A majorityof theastrophysicaljet modelsdescribethecollimationasdueto the“hoop
stress”.Thisstressis thetensionin theportionof theflow whichstopscorrotatingwith
thedisk. Loopsof thetoroidalcomponentof themagneticfield arethenaddedto the
flow for eachrotationof the foot point of thefield line anchoredin thedisk. In such
modelsthetoroidalcomponentof thefield is essentialfor collimationandacceleration
of thejet.

In an alternative model,the collimation of theastrophysicaljet is, insteaddueto the
“hoop stress”,dueto the magneticpressurebecauseof the poloidal field of the disk
(Spruit et al. 1997,hereafterS97; see � 3.6 here). The toroidal field developingin a
magneticallyacceleratedjet is claimedto beunstableand,therefore,not to contribute
muchto collimation.

To verify this possibility, we performeda setof numericalsimulationsusingtheorig-
inal (non-resistive) ZEUS-3D codein the 2D (axisymmetry)option, for cylindrical
coordinates(R,Ï ,z). Thedisk is takenasa boundaryconditiononly, andthenormal-
izationis thesameasin � 4.1.1here.

5.1 Instability of toroidal fields

Thetoroidalfield, formedby thehighly wound-uppoloidalmagneticfield beyondthe
Alfv én surface,is known to be unstableto non-axisymmetricinstabilities(Bateman
1980). Theseinstabilitieswerestudiedin thecontrolledfusioncontext, andthemost
damagingaretheidealMHD modes(kink instability),asthediffusion–relatedmodes
(e.g.tearingmodes)arebeyondthedynamicaltimescale.Thisscaleis definedby the
time in which anAlfv énwavecrossesthejet radius.

In cylindrically symmetricconfigurations,theplasmawithout externalstabilizingsur-
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Figure5.1: Decollimationof the jet dueto instability of the toroidal field. Initially, the jet
is assumedto be perfectly collimated( Þ ï =0). The solid lines: including internal pressure
generatedby theinstability (f=1); thedottedlines: without this pressure(f=0). Parameterß is
the assumedgrowth rateof the instability in units of the nominalrate R � Ú�Ø . Figureadopted
from S97(Fig. 2).

facesis unstable. Kruskal–Shafranov condition statesthat when the magneticfield
lines in a fluid make more thanone turn aroundthe axis betweentwo surfaces,the
instabilityoccursif therearenosuchstabilizingsurfaces.Typically, a à =1 kink mode
setsin for any degreeof twist. In a magneticallycollimatedjet a systematictwist is
present,andtherearenot any stabilizingsurfaces. This makesthe astrophysicaljet
approximatedwith anidealMHD cylindrical modelsubjectto akink instability.

The questionis if suchinstability damagesthe jet collimation. The energy feeding
the instability is theenergy of the toroidalcomponentof themagneticfield, which is
proportionalto æ (ç . For the jet radius á andthe density * , the instability growth rate
is of theorder æDç ì è%á�â i � * ê (Bateman1980, � 6.4). If a collimation is mainly by the
hoopstress,thetoroidalcomponentæDç mustsatisfy æ�ç � æDø . For a given æ�ø and * ,
theinstabilitygrowswith increasingcollimationof thejet.

The effect of the instability on a collimation is investigatedin S97( � 3), andis illus-
tratedin their Fig. 2, repeatedherein Fig. 5.1.

For the growth rate Ü =1, which is the assumedgrowth rateof the instability in units
of the nominal rate ö�� ì á , an initially completelycollimatedjet terminatesasa flow
with an openingangleof order45

�
. Even if the part of instability generatedby the

internalpressureis neglected(f=0 casein Fig. 5.1),thejet is completelydecollimated.
Only for Ü ä 1, which is anarbitraryassumption,thefinal collimationanglebecomes
proportionalto Ü . This would imply that the highly collimatedjets are impossible
whenthekink instability is present.



Numerical simulationsof jet formation without toroidal magneticfield 67

5.2 Collimation by poloidal magneticfield

Themagneticfield configurationwhich enablesa collimationof theastrophysicaljets
canstill bequestioned.An alternative to thehoopstresscollimationcouldbefoundin
themagneticfield carriedby theaccretiondisk. This poloidal collimation is effective
enoughfor realisticassumptionsaboutthe strengthanddistribution of the magnetic
field in thedisk (Blandford1993;Spruit1994).

Thestrengthof themagneticfield in thedisk,independentof theorigin (adiskdynamo
or aninterstellar/intergalacticpoloidalmagneticfield capturedby thedisk) is likely to
increasetowardsthediskcenter. E.g. for averticalcomponentof themagneticfield at
thedisksurface, æDøã9õè í (í (Þ ä 0 ê á3å � ( ñ (5.1)

thefield strengthincreasestowardsthecentrefor ë�� 0. íFÞ is the innerdisk radius. If
theAlfv énsurfaceis positionedfarenoughfrom thedisksurface,thefield nearthedisk
is approximatelyapotentialone,completelydefinedby thedisksurfacefield æDøðè í�ñ ã�êasaboundarycondition.Mostof themagneticflux crossingthedisk ( æç9 í ( á3å ) is in
theouterportionsof thedisk. Becauseof thegeometricalreasons,with increasingíouterfield linesmoreinfluencethesolutionof thepotentialproblem.

At height ã above thedisk, thefield strengthis of theorder æ ( í = ã , ã =0), andapprox-
imately í ( æ�ø = $�=�>Û?W@ , i.e. í 9.ã å � ( . For an infinite ã , � í�ì ��ã�è Õ , which implies a
collimatingshapeof thefield lines for ë�ä 2. Theoutflow changesthefield of a disk,
but significantlyonly aftertheAlfv énradius í � is reached,i.e. theoutflow is already
highly collimatedby thepoloidalfield of thedisk.

For an infinite disk asabove, positionof the Alfv én surfacedeterminesthe poloidal
collimation of the outflow, andthis collimation increaseswith increasingí � . For a
finite disk, asall the magneticfield lines returnback to the equatorialplaneof the
disk, thefield is of dipoletype,i.e. decollimating.Thereexistssuchí � for which the
maximumpossiblecollimationis achieved.

An estimateof thecollimationby thefield of finite disk is sketchedin S97( � 4.1). If
we ignorethe toroidalfield, for thestrongenoughexternalfield the internalpressure
of thejet is in equilibriumwith theexternalone,i.e. æ Þvù�é = æDÁ�� é . For thenarrow jet, as
its effecton thesurroundingfield is small, æ Þvù)é èéã�ê = æDÁ�� é è í ÔUÕ ñ ã2ê . In thisexpression,æDÁ�� é è í ÔÂÕ ñ ã�ê is known field distributionat thedisksurface.Theinternalfield scales
with the jet radiusas á á ( , and è�á ì á�ï�ê ( Ô æDÁ�� é è"Õ ñ ã�ï�ê ì æDÁ�� é è"Õ ñ ã�ê . TheAlfv énsurface,
wherethejet calculationis startedin S97,is at ã�ï , and á�ï is thejet radiusat thatpoint.
If we assumetheflow speedalongthe jet constant,we have for thedensityin the jet* ì * ï�Ô è%á�ï ì�í ê ( , andtheAlfv énspeedin thejet isö,�ö���ï Ô æDÁ�� é è"ã�ê�áæ�ïhá�ï Ôëê æDÁ�� é è"ã�êæ�ï !
Thereexistsapoint ãA¾ , acollimationdistance, wheretheradialexpansionspeedöÖÂ Ô



68 Numerical simulationsof jet formation without toroidal magneticfield

Figure5.2: Thesolid line shows theheightabove thedisk, n�ì , of the inflectionpoint in the
field line shape.Figureadoptedfrom S97(Fig. 5).

� í�ì �
@ becomescomparableto theAlfv énspeedö,� , beyondwhich theequilibriumof
pressuresis not satisfiedany more.Suchanequilibriumcouldbemaintainedonly up
to theAlfv énspeed.After reachingãA¾ , thejet expandsbalisticallyat constantopening
angle îîí�ÔÂöÖÂ ì ö Ã , which is theasymptoticcollimationangle.If we assumethatthe
matterfollows thepoloidalfield linesup to theheight ãA¾ andthendecouplesfrom the
field, thecollimationangleî is equalto theangleof thepoloidalfield line with respect
to theaxisat ãA¾ .
For a distribution of current ïSè í ê Ôñð�ï è�áA	 ì�í ê å , in a finite disk of radius á�	 (where
0 ä í äçáA	 , and ïSè í ê=Ô4Õ for í �ÎáA	 ), for a field linescloseto theaxis:òôó�õÌög÷ ÿFîø9 � í æ�øã ( ë=è.E � ëýê

i äôÕ èéÕ ä ë?ä:E2ê !
For theheight ã ì thecollimationangleis minimal for thefield closeto theaxis. The
correspondingintegral equationis solvednumericallyin S97,andtheresultis shown
in solid line in Fig. 5.2.

Weseethattheinflectionpoint in thesolutionis locatedat ã ì 9ÂÕ ! E�áA	 for mostvalues
of ë , andthereis asteepdecreasewhen ë reachesthevalue2.

The thoroughderivation of this result is given in S97. Herewe areinterestedin the
result from Fig. 5.2, as ë is the free parameterin the numericalsimulationin which
wecheckthepoloidalcollimationconjecture.S97find thatfor æù9�á á3å	 with ë�ú9 1.3,
the jet becomescollimated.Note thatat intermediatedistances,e.g. áA	 ì á Þ Ô 0 Õ ½ , the
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asymptoticangleîaí is only ananalyticalapproximationof thenumericalsolutionfor
the inflection point obtainedin S97(seeFig. 6 there). However, it is assumedclose
enough,andin our numericalsimulationweset æ�9 í á3å .
5.3 Initial and boundary conditions

In our numericalsimulation,performedwith the ZEUS-3D codein the axisymme-
try option, the underlyingaccretiondisk is prescribedasKeplerian,fixed and time-
independent.Theinitial stateis definedusingtheJETSETtool (Jørgensenetal. 2001).

This is the tool for settinginitial statesof astrophysicaljet simulations. The initial
set-upconsistsof a disk coronain hydrostaticbalancewith the gravitational field of
centralobject,with a current-freemagneticfield threadingthroughthe corona. An
initial stategeneratedby JETSET, if left unperturbed,remainsin perferctnumerical
balanceto within machineround-off errors.

What is actuallyobtainedfrom the JETSETpackageis a current-freemagneticfield
without thetoroidalcomponent,computedasasolutionof theLaplaceequation,õ ('û è í�ñ Ï ñ ã�ê=ÔfÕ ! (5.2)

Thesolutionis proportionalto thehypergeometricfunction,

( À â Ú ë E ñ ë � 0E ñ 0 ñ � í (ã ( à ñ�f � ëü� 0 ì E ñ (5.3)

andcorrespondsto theboundaryconditionæ$÷�- ï�Ô�ý í á3å ! (5.4)

Here, ý is a normalizationfactor, and æ$÷�- ø)þ�ï is a radial componentof the magnetic
field in thedisk.

In a presentJETSETpackage,only the solutionsfor 3 ��ë�� 1 and ë =0 areallowed.
Wevariedtheparameterë andobtainedinitial configurationsof thepoloidalmagnetic
field shown in Fig. 5.3. Theoutgoingangleof themagneticfield lines threadingthe
underlyingdisk is alsotheangleof theinitial inflow velocity ö�ÿ���� , andthis velocity is
a freeparameterin our simulations.With this initial solutionsby theJETSETtool as
theinitial conditionsin theZEUS-3Dcomputations,weperformedthetime-dependent
simulationsfor theoutflow of injectedmaterialin themagneticfield of a diskcorona.

As a free parameterfor the initial inflow velocity we chooseö Þvù9ú Ô.Õ ! Õ2Õ 0 ö��/- Þ . The
inflow densityis * 	 Þ &��RÔt� Þ¥í á 
�� ( , with the freeparameter� Þ =100,and ÝßÞ =2.5,asde-
scribedin OP97for ahotcoronacase(whenaccessto anadditionalsourceof energy is
required).Thetoroidalmagneticfield componentis setto zeroin everycomputational
stepin thewholecomputationalbox, andthe inneredgeof thedisk togetherwith the
innermostpart(for í � íDÞ ) is definedwith theinflow velocityequalto zero.
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Figure5.3: Initial setupfor thesimulationswith variousparametersP . Thin solid concentric
lines indicate30 logarithmicallyspacedisocontourlinesof the initial hydrostaticdensitydis-
tribution. Thick solid linesarethefield linesof initial force–freemagneticfield. TheparameterP equals2.999,1.5,1.01,i.e. analmostdipolefield linesandopen(split–monopole)magnetic
field, respectively.

Thecomputationalboxboundariesaresetas“reflecting” alongthesymmetryaxisand
“outflow” alongtwo outerboundaries(see� 4.1.2for a definitionof theboundaries).

Uniform numericalmeshin thesimulationscontained(125D 50) grid points,in a do-
main( ã D í )=(60D 15)íDÞ .
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Cold disk corona

We first performedthe simulationswith the above describedsetupfor a cold disk
coronacase,which is obtainedfor ÝßÞ =100,whenthereis no any additionalsourceof
energy in acoronaassumed.Thesesimulationsarethenin thespirit of Chapter4 here,
but with theinitial magneticfield numericallydeterminedby JETSETtool, insteadof
analyticalprescription.The toroidal componentof themagneticfield wasartificially
destroyed in every stepof the computation.The resultalwaysshowed to be a non-
collimatedoutflow, independenton the free parameterë , for our setup. This would
supporttheconclusionthat thecollimatedandacceleratedoutflow (i.e. the jet) from
a cold coronaof the accretiondisk is not possiblein the absenceof a stabletoroidal
magneticfield.

5.4 Variation of the parameter �
For thesimulationswith ÝßÞ =2.5,wewill presenttheresultsfor twoopen(split-monopole)
magneticfield simulationsfrom Fig. 5.3,for ëåÔ 0 ! Õ 0 and ëåÔ 0 ! 4

.

Changingtheplasma-

Ø
parameterprovidesa way to positiontheAlfv énsurfacehigh

enoughabove the accretiondisk surface. In S97 ( � 4.1) it is claimedthat “Poloidal
collimationby discsof finite sizethereforeworksbestif theAlfv énsurfaceis neither
toocloseto thediscsurface,nor too far away”.

If theplasmais super-Alfv énicfrom theverybeginningof thesimulation,whatoccurs
for some

Ø
-plasmavaluesin our setup,we obtaina physicallydifferentcasethanone

discussedhere(seeContopoulos1995b).For this reasonwe do not presenttheresults
for ë =2.999,whichweresuper-Alfv énicfrom theverydisksurfacein oursetup.

The outgoingangleof the magneticfield lines definesalso the inclination angleof
the inflow velocity. This angle,measuredfrom the jet axis, for the split-monopole
magneticfield lines is presentedin Fig. 5.4. It complieswith theBP82criterion (see� 3.1.1here)for bothinvestigatedchoicesof theparameterë .

Simulationsarepresentedfor atimefor whichthey canbeconsideredquasi-stationary
closeto thedisksurface.A quasi-stationarityof theflow is assumedwheninnerregions
of the flow, closeto the centralobject,do not evolve significantlyin time within the�

50 rotationtimes(see� 4.3.2here). For thedifferentpositionof theAlfv énsurface
in the simulationswith ë'Ô 1.01 (e.g. for

Ø
Þ 9 10, whenthis surfaceis closerto the

disksurface)weobtaineda radiallydirectedoutflow, similar to onein thetoppanelin
Fig. 5.5.

Theterminalpoloidalvelocityof thecollimatedoutflow ( ëåÔ 0 ! Õ 0 case)is of theorder
of 4ö��/- Þ , i.e. of theorderof theescapevelocityof thecentralobject.Thevelocityand
themagneticfield strengthin thesliceparallelto theaxisof symmetry, at half of the
computationalboxheight,aregivenin Figs.5.7and5.8.
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Figure5.4: The inclinationangle(measuredfrom the jet axis)of the inflow velocity for the
simulationswith thedifferentparameterP , for theopen(split-monopole)magneticfield. The
solid line representsthecasewhen P \�dWcÄV�d , andthedashedline is for P \�dWc�� .
Thesesimulationssupporttheclaimby S97that,for ahotcorona,apoloidalmagnetic
field is sufficient for acceleratingandcollimatingtheoutflows, if theinitial field of the
disk is æÅÝ í á3å , with ëtú9 0 ! f (in our simulationsë4ä 0 ! 4

). The essentialparam-
eterwasthe strengthof the initial poloidal magneticfield. For a too large magnetic
field therewas no collimation, althoughthe outflow (then mostly radial) remained
fast. Without the toroidal componentof the magneticfield, thereis no fastmagne-
tosonicsurfacein thesesimulations.Theaccelerationof theflow stops,therefore,at
theAlfv énsurface.

The flow is magneticallyacceleratedandcollimatedup to the collimation distance,
wheretheradialexpansionspeedof thejet reachestheAlfv énspeed,ö,� . Beyondthis
distance,theflow expandsballistically, asthesurroundingpoloidalfield cannot influ-
enceit any more.Suchajet is non-magnetic, with aballistic(magneticallyunconfined)
radialexpansionandkineticenergy flux.

5.5 Summary of the results

We performednumericalsimulationsof the ideal–MHD outflow from the accretion
disk for thecasewhenthe toroidal componentof the magneticfield is artificially re-
ducedto zero. The effect of a solepoloidal componentof the magneticfield on the
collimationof theoutflow is investigated.Also, we implementedflexible initial setup
tool JETSETtogetherwith theZEUS-3Dpackageto obtainthe initial configurations
which spanfrom thestraightlinesof themagneticfield, perpendicularto thedisksur-
face,andopen(split–monopole)to thedipole–likemagneticfield lines.
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Figure5.5: The flow evolution for the openfield initial configurationsfrom Fig. 5.3. The
freeparameterQ Þ =1. Thesolid linesrepresent30 logarithmicallyspaceddensityisocontours.
Vectorsof poloidal velocity areshown in scalein both plots. Top panelis for P =1.5 case,atL]\bSWVUV rotationsof theinnerdisk radius.Bottompanelshows P =1.01case,at L =900rotations
of the inner disk radius. The disk disruptionin the radial inflow boundaryresultsfrom the
inappropriateboundarycondition.However, becauseof thedensitydistribution, themassflux
of the outflow resultsfrom the inner half of the disk, when the small outflow from this top
uppercornerof theplot exits thetopboundaryimmediatelyin theradialdirection.

Resultscanbesummarizedasfollows:

(1) In all investigatedsituations,we foundnosignof theacceleratedandcollimated
flow for thecoldcoronasimulationsin theabsenceof thetoroidalmagneticfield.
Theflow openinganglechangesfor differentpositionsof theAlfv énsurface,but
resultingoutflowsarenot accelerated.

(2) Thehotcoronasimulationswithout thetoroidalmagneticfield presentcanresult
in a collimated,acceleratedoutflow. For the initial magneticfield of the diskæëÝ í á3å , with ë>ä 0 ! 4

anoutflow is collimatedandaccelerated.

Our conclusionis thatin theideal–MHDsimulationsthetoroidalmagneticfield plays
anessentialrole for theaccelerationandcollimationof themagneticoutflowsin acold
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Figure5.6: Thepoloidalmagneticfield linesandtheAlfv énsurfacefor thesimulationspre-
sentedin Fig. 5.5. Thinsolid linesdenotetwentylinearlyspacedpoloidalmagneticfield lines,
andthick solid line is theAlfv énsurface.

Figure5.7: Thepoloidalandtoroidalvelocity for theinvestigatedflows. Valuesaretaken in
a sliceparallelto theaxisof symmetryof theflow, at half of thecomputationalbox. Thesolid
anddashedline representtheresultsfor P \:dWcÄV�d and P \�dWc�� , respectively.
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Figure5.8: Thepoloidalmagneticfield. Thesolid anddashedline representthe resultsforP \�dWcÄV�d and P \�dWc�� , respectively.

corona. The poloidal magneticfield aloneis insufficient, even in the most suitable
configurations,to produceandmaintainthejet–likeflows for suchcorona.

For ahotcoronaand ë?ä 0 ! 4
, thereexiststhe

Ø
-plasmaparameterfor whichweobtain

the collimatedandacceleratedoutflow in our setup. The terminalvelocity is of the
orderof magnitudeof theescapevelocityof thecentralobject.

An importantlimitation in our computationsis that the toroidal magneticfield was
artificially destroyed during the computation. In the realisticmodelof the poloidal
collimationthisfield, suitablydampedby somephysicalmechanism,couldplayarole
in theverybeginningof thesimulation,initially acceleratingtheflow.
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Chapter 6

Numerical simulationsof the disk-jet
transition

A resistiveaccretiondisk threadedby a largescalemagneticfield providesaplatform
for a continuousMHD jet launching,whensomeamountof the turbulent magnetic
diffusivity of the disk remainspresentin a disk corona. In Chapter4 we presented
our numericalsimulationsof the jet formation, propagationand collimation with a
disk asa boundarycondition. Theinteractionof themagneticfield in the jet with the
disk magneticfield wasneglectedthere. The next stepin a numericaljet simulation
is inclusionof a disk evolution in a simulation.This shouldprovide ananswerto the
questionif, andunderwhich conditions,it is possibleto launcha jet from a turbulent,
resistiveaccretiondisk in thepresenceof a largescalemagneticfield.

The first numericalsimulationsof a rotatingaccretiondisk in a large-scalemagnetic
field wereperformedby Uchida& Shibata(1985)andShibata& Uchida(1985,1986).
Thematterhasbeenacceleratedalongthemagneticfield linesmainlyby themagnetic
pressuregradient,andnotmagneto-centrifugallyasin BP82mechanism.In all succes-
sive simulations(Kudoh& Shibata(1997);Kudohet al. (1998);seealso � 3.5.1here
for morereferences)theinnerdisk collapsesaftera few rotations.Thestability of the
accretiondisk to MHD perturbationsis mainly determinedby the radial structureof
thedisk.

Before the numericalsimulationsof suchsystemsbecamefeasible,Ferreira(1997)
andalsoCasse& Ferreira(2000a,b)suggestedtheself-similarstationarymodelwith
a resistive accretiondisk anda super-Alfv énic jet. Becauseof the nonzeromagnetic
diffusivity, theaccretedmatterinsidethediskcancrossthepoloidalmagneticsurfaces,
andbelifted into thediskcorona.

Abovethedisk,themagneticdiffusivity is muchlowerthanin thedisk,andtheoutflow
is effectively in the idealMHD regime. Thematterin suchjet becomes“frozen” in a
magneticfield, andis collimatedandacceleratedby theactionof theLorentzforce.

The time-dependentsimulationsin suchan approachrequirethe disk to be evolved
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in time togetherwith the coronaof the disk. Therefore,we extend our numerical
simulationsof thejet from theChapter4 by includingthediskevolution.

Thefirst simulationsof a resistive accretiondisk launchingnontransient,idealMHD
jet havebeencarriedoutby Casse& Keppens(2002,hereafterCK02)usingVAC code
(Versatile AdvectionCode, Tóth 1996). Thesearean extensionof Ouyed& Pudritz
(1997b)numericalsimulationsusingthe Zeus-3Dcode,which werealsoperformed
with a radially stratifiedinitial corona,but includingthedisk asa boundarycondition
only. Thejet obtainedin CK02simulationsis persistent,with acaveatthatthejet radial
sizeis slightly dependenton a radialextensionof thecomputationalbox. Simulations
in amoregeneralsetup,with theinitial magneticfield setasanopenpoloidalmagnetic
structure,havebeencarriedout by Casse& Keppens(2003).

6.1 Model setup

In our simulationsof a jet launchedfrom aresistiveaccretiondisk,diverseinitial con-
ditionswereinvestigated.For reasonsof comparison,we presentherethecalculation
with asetupsimilar to CK02.

Schematicview of ourmodelis presentedin Fig. 4.1,andnow we introducetheturbu-
lentaccretiondisk into acomputationalbox notasaboundarycondition(asit wasthe
casein Chapter4), but in theactive grid. We work in cylindrical coordinatesandthe
axisymmetryis assumed.

A coronaof the turbulent accretiondisk is assumedalso to be turbulent, although
probablymuch lessthan the disk itself. In our simulationsof the diffusive jet in a
disk coronain Chapter4, the total pressurewascomposedof the thermalandturbu-
lent terms. Both componentsweremodelledby the samepolytrope( � =5/3) andare,
therefore,physicallyequivalent(Ouyedet al. 2003). Thefreeparameter	�
 definedin�
4.1.2,referredto theinverseof theportionof total pressureconsideredto bethermal,

andis chosennow to beunity insteadof 	�
�
������ usedthere.

TheKeplerianspeedat theinnerdiskradius��
 is ����� 
 = � ��� �!�"
 . For reasonsof com-
parisonwith CK02, we normalizeall thevelocitiesin our setupto the factor #$��� 
&% 1.#$��� 
 is theKeplerianangularvelocityat ��
 , and % is thediskheight.As wechoose��

to beunity, definingthedistancescale,it followsthat ��� =100.A constantof propor-
tionality of thedisk heightto theradialdistancein %'
)(*� is chosento be ( =0.1. To
absorbthefactor ���!(,+ , thecentralmassis setto � =100in our computations.

Thetime is measuredin theunitsof -.
/
0��
1�2�3��� 
 . It is thetimeneededfor onerotation
of thediskat ��
 . Comparedto this, thetime in CK02 is measuredin theunitsof (*#$� ,
which represent���/465278(�9 =1.59rotationperiodsof matterat ��
 2.

1Notethatafterwardsin this chapter, in thepresentationof results,we switchbackto thedefinition
of unitsfrom theChapter4, where:!;=< > =1 is thevelocityunit.

2This meansthatt=10 in thesesimulationsis a periodof 16 rotationsat theinnerdisk radius.
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6.1.1 Boundary and initial conditions

Thedisk is now definednot asaninflow condition,asis thecasein Chapters4 and5
here,whenthedisksurfaceis in theghostzoneof thecomputationalgrid. Instead,the
disk is in theactive partof thecomputationalgrid. Thedisk equatoris definedwith a
reflectingboundarycondition(see

�
2.3for thedefinitionof theboundaries).

For thedensity? weapplyasymmetricboundaryconditionatboththeequatorialplane
of thediskandthesymmetryaxis,aswell asfor the @ componentof themagneticfieldACB

. Theradialandtoroidalcomponentsof themagneticfield aretakenasasymmetric
atboththeseplanes.Thevelocitycomponents�ED , � B and ��F aretakenattheequatorial
planewith symmetric,asymmetricandsymmetricboundarycondition, respectively,
andalongthesymmetryaxiswith asymmetric,symmetricandasymmetricboundary
condition,respectively (seeTable1 in CK02).

Realaccretiondisk is certainlylargerthanthepartenclosedin ourcomputationalbox.
It is necessaryto prescribethe effect of this outerpart of the disk on the modelled
structure.Therefore,asmallamountof massis injectedalongtheouterdiskboundary
in thenegative � direction(i.e. the inflowboundaryconditionis prescribedthere).All
theotherboundariesaredefinedasopen.

We introducea “sink” regionnearthecentralmass.It is a small- ( @HGI� )=(4 G 2) grid
cellsin our simulations- rectangularareawherethevaluesof all quantitiesarecopied
from the cell row @KJ just above it (in the @ direction). Only for the poloidal velocity
thereis anadditionalconditionin the“sink”, which ensuresthatno massflux leaves
it3: �3DL
NMPO�Q84R�3DS4T@ J 9�U��V9WUX� B 
NMHOYQ84Z�3[S4R@ J 9\U��V9W]
Thecomputationaldomainandtheboundaryconditionsarepresentedin Fig. 6.1.

We performedour simulationsin anuniform grid with (125G 80) grid cells in a phys-
ical domain( @^G_� )=(60G 40)��
 . For a comparison,in the CK02 simulationsthe
active grid is (300G 150)elementsin a physicaldomain( @`Ga� )=(80G 40)��
 . In their
computations,in both radial andvertical directionstretchingis applied,resultingin
a higherresolutioncloseto the disk. In anothersimulations,Kuwabaraet al. (2000)
set(256G 201)grid cells in a physicaldomain( @`Gb� )=(13.4G 5.1)��
 , with stretching
appliedfor @ and � greaterthan ��
 =1. Comparedto these,theresolutionin our sim-
ulationsis ratherlow, andthis is why we characterizethemasa preliminary results.
However, a comparisonwith few higherresolutionrunsin thesamesetupshowedno
substantialchangesin thejet structure.Only thedisk evolution wassomewhatslower
in aphysicaltime.

3Thematterin the cedfcS> and g�hji zonecanthereforeoriginateonly from thedisk,not from the
“sink”.
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Figure6.1: Schematicrepresentationof thecomputationaldomainandboundaryconditions
for the simulationswith the disk includedin the computationalbox. The box dimensions
are ( kflnm )=(60l 40)m 
 in an uniform meshof (125l 80) grid cells. The “sink” region is
( kolHm )=(4 l 2) grid cells.

6.1.2 Densityprofile

The simplestapproachfor thedefinition of a disk would be to definethedisk height
from the equatorialplaneas % = prqts8uv- . However, thenit is problematicto obtainthe
equilibrium betweenthe gravitational andthermalpressure,asthe gravity decreases
with a radial distance.Onedensityprescriptioninvestigatedanalyticallyand in nu-
mericalsimulationsis Gaussian:?w
N?Vx�y�z|{}4�~ @!+% + 9�U
where ?Vx is thedensityin theequatorialplaneof thedisk, and % is theheightwhere
thediskdensityreaches1/� of thecentraldensity.

In a geometricallythick disk, for %e4T��9,��� , the growth of the magneticpressureis
causedby anincreasingtoroidalcomponentof themagneticfield (Ferreira& Pelletier
1993,

�
2.2). For increasingthicknessof the disk, the thermalpressurecanequalthe

magneticpressure(i.e. thedisk becomesoptically thin). This is a ratherunstablecon-
figuration,andto avoid it, andto allow for thejet to extractall theangularmomentum
from thedisk, thepoloidalmagneticfield mustchangevertically substantially. How-
ever, if themagneticfield insidethediskwouldbevertical,anejectionof matterwould
notoccurevenif themagneticbrakingwouldbesufficient. Therefore,thepoloidalfield
linesshouldnotbevertical,but slightly bent.
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One way to set a thin disk in a computationalbox, is with the densitygiven by a
decreasingfunction of altitude @ above the disk equator. The densitytypical value
mustdecreaseover onedisk scaleheight.For a disk heightlinearly proportionalwith
theradialdistance,% = (,� , anaturalscaling,consistentwith thepoloidalmagneticfield
linesbendingat thesurfaceof adisk is obtained.

For a thin accretiondisk, the disk aspectratio is ( =0.1. The jet can extract all the
angularmomentumfrom thedisk, if themagneticReynoldsnumber ��� (see

�
2.1.2)

is of orderunity. Thenthemagneticdiffusivity is largeenoughfor thematterto cross
themagneticfield lines.

TheverticaldiskequilibriumandKeplerianrotationimposestheconstraintfor aradial
densityprofile, asfor theverticalbalancein thedisk thesoundspeedwithin thedisk
shouldbeproportionalto #$��� 
�% . At - =0, thedensityprofile is definedwith

?34R�wU�@V9�
0MP�2zI��3��������U ����� +x4T� +xX� � + 9 ���6� G)��MP�2z�������� � UP�.��~ 4��L~ �t9�@!+5!% + �=����� ���¡  � �T¢R£¤
A constantoffsetradius�Cx =4 is introducedto ensuretheregularityof thedensityupto� =0, andthemaximumfunctionpreventstheinitial densityin reachingnon-physical
values4. Our particularchoiceof the constantsis, for reasonsof comparison,dueto
CK02,but in our simulationstheinitial densityrangeis smaller.

6.1.3 Velocity profile

In athin accretiondiskwheretheradiativepressureis neglectedand p\¥¦�K���8��( (Shakura
& Sunyaev 1973;Franket al. 1985), p\¥S§¨��� is alwayssatisfied.

In a radial direction,thermalandmagneticpressuregradientsareof the sameorder,
andto ensurea radialequilibriumof thedisk, thereshouldbesomedeviation from a
Keplerianrotationprofile. Wedefineasub-Keplerianrotationprofile (seealsoCK02):

�3F�4R�wU�@V9�
©4��"~e( + 9 � � � +x(�4R� +x � � + 9 � �6� y�z|{ª��~�5
@ +% + � ] (6.1)

The initial poloidal velocity profile is to be definedonly by the accretionrate in the
disk,i.e. with aradially inwardvelocity. Theangularandsoundspeedarebothpropor-
tional to 1/ « � , andfor thedisk in anequilibriumthesameis valid for thecomponents
of thepoloidalvelocity:

�3DX4R�wU�@V9�
¬~"­`¥ � � � +x4R� +xW� � + 9 � �6� y�z|{ � ~�5
@ +% +!� U (6.2)� B 4T�wU�@�9®
¯�3DX4T�wU*@V9 @� ] (6.3)

4This densityprofile definesthecoronawhich is not initially in hydrostaticequilibrium,but asthe
initial coronais sweptout by thepropagatingbow shock,it shouldnot influencetheresultsin thelater
stagesof thejet propagation.
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Figure6.2: Themagneticdiffusivity alongthedisk equatorialplane.

Theconstantparameter­`¥"°©� ensuresaninitially subsonicpoloidal inflow andit is
chosenin our simulationsto be ­`¥ =0.3.

6.1.4 Magnetic field

In theaxisymmetryapproximation,thesymmetryconditionsfor theequatorialplane
of the disk and the axis of symmetryimposethat

A D ( � =0,@ )= A D ( � , @ =0)=0. Only
then ±³²V´ =0 is satisfiedfor the initial instantof time. Anotherconditionis that the
magneticpressurebeof thesameorderasthethermalpressurein theequatorialplane
(Ferreira& Pelletier1995).

Thesimplestconfigurationwhich satisfiesboththeseconditionsis a radially stratified
verticalmagneticfield with

ACµ
=
A F =0 andA�¶ 
 ��·�� +x« ¸ 4R� +xW� � + 9 ·��6� ] (6.4)

The plasmabetaparameteŗ is the ratio of the thermalto the magneticpressureat@ =0, andwechooseit to beof theorderof unity, with theexactvalue ¸ =1.67

6.1.5 Magnetic diffusivity

In comparisonto the pure jet simulationspresentedin Chapter4, which have been
calculatedapplyinganuniformdistributionfor the(turbulent)magneticdiffusivity, we
now have to considera much stronger(few ordersof magnitude)diffusivity in the
highly turbulentdisk,comparedto thediskcorona. Theprofileof thediffusivity is¹ 
NºS�=»¼4T@½
0�V9�%¾y�z|{n��~C5 @!+% +�� ] (6.5)
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Figure6.3: Thedistribution of thedensityandthemagneticfield for theinitial configuration.
The solid lines denote30 logarithmically spacedisocontoursof density. The dashedlines
denote20 linearly spacedmagneticflux surfacesor, equivalently, thepoloidalmagneticfield
lines.

The diffusivity vanishesoutsidethe disk (i.e. everywherein the disk corona),and
variesin time with the equatorialAlfv én speed�=»¯
 A � « ? . The free parameterº
( ºe¿ 1, see

�
2.1.4)is setto º =0.1,to ensurenot toohighvalueof thediffusivity in the

disk. Plotof thediffusivity profilealongthediskequatorialplaneis shown in Fig.6.2.

6.2 Disk-jet connection

Thetime evolution of thedisk-jetstructurein our simulationsis discussedin this sec-
tion. Notethat thesimulationslast for tensof rotationsof theinnerdisk radius.Most
of theprevioussimulationsin the literatureweresubstantiallyshorter, becauseof the
problemsin maintainingthediskdynamicalequilibrium.

6.2.1 Initial configuration

Theinitial statein thecomputationalbox is shown in Fig. 6.3. As alreadymentioned,
the initial coronain this setupis not in a hydrostaticequilibrium. Sucha distribution
without the disk or somemassinflow becomesunstableand dispersesor collapses
(towardsthesymmetryaxis)fast.However, thetimefor a torsionalAlfv énwaveprop-
agatingfrom thediskto sweepthroughthecomputationalboxis shorterthantheinitial
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Figure6.4: Theinitial setupwith thedensitylevelsin acolourgradingin theinterval (1,10��� ).
Thedenserlevelsareshown in theintensifyinggreencolourcomponent.

coronainstability timescale(Mouschovias& Paleologou1980). A new regime in the
computationalbox is thendictatedby the outflow, andnot by the initial instabilities
(Ouyed& Pudritz1997b).

Thedensitylevelsfor our initial setupareshown in Fig. 6.4.

6.2.2 Jet launching

In the initial setup,with a radially inward velocity ( � µ ° 0), definedis an accretion
flow. Also, for aparameter­fÀ!° 1, aninitial poloidalinflow occurs.To have theBP82
conditionfor the poloidal magneticsurfacesfulfilled (an anglebetweenthe poloidal
magneticsurfacesandthedisk surfaceto besmallerthan60Á ), this parametercannot
betoosmall.

A non-vanishingresistivity is alsorequired.This follows from the radial component
of the magneticinductionequation(2.9) for a stationarycase( Â3�!Â/- =0). For a thin
accretiondisk,when Ã � ¶ Ã!§ Ã � µ Ã and ÃÄÂ A�¶ �!Â��ÅÃ!§ Ã Â ACµ �!Â�@EÃ applies,only thepartof
theexpressionwith themagneticresistivity remains:¹ Â ACµ �KÂ3@½ÆÇ~�� µEA�¶ . In thecase
of idealMHD, when ¹ =0, thematterinfalling towardsthedisk centrecouldnot cross
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themagneticfield linesandbelifted perpendicularto thedisksurface,above thedisk.

After a few rotationsof the inner disk radius,an outflow forms. The launchingis
persistent,and it is limited only to the inner ( �w° 15) portion of the disk. This is a
resultof thedelicatebalanceof forceswithin thedisk,wheresimultaneouslywith the
ejectionof matter, the disk itself must remainin an equilibrium. The total vertical
forcemustbepositiveat thedisksurface,andnegativeinsidethedisk,andmostof the
plasmashouldremaininsidethedisk. Themassejectedin thejet canthereforebeonly
asmallfractionof thediskmass.

A bow shockof the outflow propagatesbeyond the computationaldomainin a few
tensof revolutionsof the inner disk radius. However, the outflow is narrow enough
that its collimation would be completedwithin our computationalbox. The density
distribution in theoutflow in our simulationis shown in Fig. 6.5.

We cancomparethis resultto thenumericalsimulationsof CK025. They obtaineda
collimatedoutflow launchedfrom the resistive accretiondisk. The outflow, launch-
ing of which occurswithout artificial inflow conditions,becomescollimatedwithin
thecomputationaldomain(Fig. 6.6). Thelaunchingin thesesimulationsremainsre-
strictedto a segmentof thephysicaldomainwithin �w° 20��
 . In theinnerdisk region,
equipartitionbetweenthermalandmagneticpressureoccurs,astheplasma̧ andthe
angleof amagneticfield linesdecreasefor increasingradii. In their discussion,CK02
reportasystematiclargerjet-launchingradialrangefor graduallyextendingradialbox
size.This indicatessomeinfluencefrom theopenboundary.

Whenthe jet becomesquasi-stationary, the outflow is well collimated. The angle È
betweenthepoloidalvelocity andtheaxisof the jet is shown in Fig.6.7. High above
thedisk, but still in thecomputationalbox, this anglebecomessmall, lessthan2Á . In
CK02simulationthis occuredat times -\É 17,andin ourat -�ÊË 150.

The poloidal magneticfield lines andthe poloidal velocity vectorsin our simulation
at - =150rotationsof theinnerdisk radius,arepresentedin Fig.6.8.A caveatin these
resultsis thepositionof theAlfv énsurface,which seemsto bepositionedbothat the
disk surfaceandin a corona,probablybecauseof a low resolutionof theruns,or too
large ¸ plasmaand ­`¥ parameters.

6.2.3 Disk-jet evolution

Occasional“outbursts”emergeirregularly from thedisk in our simulations.Thetime
scaleof sucheventsis few tensof rotationsat �"
 . Oneof themis visible in Fig. 6.5,
which is thesnapshotof oursimulationat t=150.Thesestructurespropagateoutwards
from thedisk surfaceandexit thecomputationalgrid, not disturbingtheoverall colli-
matedshapeof the jet, formedafterabouthundredrotationsat the innerdisk radius.
Theradiusof thecollimatedoutflow in our simulationis �ªÌË 20.

5Becauseof thedifferentnormalization,our time scaleis for a factor Í 10 largerthanin CK02.
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Figure6.5: Thedistribution of thedensityin our simulationat Î =50(top panel)andat Î =150
(bottompanel).Thedensitylevelsarein a colourgradingin theinterval (1,10��� ). Thedenser
levelsareshown in theintensifyinggreencolourcomponent.
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Figure6.6: Thin accretiondisk threadedby an initially decreasingvertical magneticfield.
Thedensitylevelsarein a grayscale(1,10��� ), wherethedenserlevelsarebrighter. Thewhite
linesrepresentthepoloidalmagneticfield lines.Figureadoptedfrom CK02,Fig. 2.

Figure6.7: The anglebetweenthepoloidal velocity andthe jet axis of symmetryat Î =150.
Slice in k direction,at a given radius m =15. Theoutflow becomeswell collimatedinsideour
computationalbox.

After a hundredrotations,thedisk piles-upby a factortwo to three,comparedto the
initial height.Thehigherresolutionrunsare,naturally, muchbetterin maintainingthe
diskequilibrium,but themachinetime for thesimulationsincreasesrapidly.
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Figure6.8: Thepoloidalmagneticfield linesandthepoloidalvelocityvectorsat Î =150in our
simulation. Thesolid linesdenote20 linearly spacedmagneticflux surfacesor, equivalently,
thepoloidalmagneticfield lines.

“Flaring” of the disk along the outer � -boundaryat -\É 100 is onesign of disturbed
equilibriumin thedisk,probablybecauseof too low resolutionin thesimulation.The
inflow of matterinto thedisk from theouterpartof thedisk couldalsobethereason
for sucha“flaring”, if it is notmatchedwell enoughwith theaccretionratein thedisk.

In Fig. 6.9 we show onevertical slice of the densityin @ direction,at a fixed radial
distance� =15, andat - =150. In a disk coronathe densityof the matteris for a few
ordersof magnitudesmallerthanin thedisk.

In the samefigure presentedis the jet terminalvelocity, in the sameslice andat the
sametimeasfor thedensity. Nearthedisksurface,thepoloidalvelocitychangessign.
This is a consequenceof the sign changeof the magnetictorque Ï3ÐfGÑ´IÐ at these
locations,which is a conditionfor the outflow acceleration. The terminalvelocity
of the outflow, which is equalto the escapevelocity of the centralobject, is in our
simulationof theorderof Keplerianvelocityat theinnerdisk radius.

In thesamesliceshown arealsothemagneticfield components(Fig.6.10).A magnetic
field, which acceleratesthe matterin the outflow, alsobrakesazimuthallythe matter
insidethedisk,by themagnetictorque,andthereforetransferstheangularmomentum
of matter. Thecollimationof theflow in our modelis dueto magnetictension,or the
“hoop” stress,which is proportionalto

A +F �!� , andis alwaysdirectedtowardtheaxis
of thejet.

In Fig.6.10,shown is alsoa sliceof thecomponentof theLorentzforcealongthe jet
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Figure6.9: Thedensityandthecomponentsof thevelocity at Î =150. Slice in k direction,at
a givenradius m =15. Thesolid line denotesthepoloidalvelocity, andthedashedline denotes
thetoroidalvelocity.

propagationat - =150. Inside the disk, the toroidal componentof the Lorentz force4�Ï`GP´a9�F is negative,andnearthesurfaceof thedisk it becomespositive.Thischange
of sign is a condition for a poloidal acceleration,which preventsthe decreasingof
velocity.

In our simulation,for a slice at �ªÊË 15, the toroidal componentof the Lorentzforce
becomespositiveinsidethedisk, andthereis no launchingany more. It is becauseof
the vertical balanceof the thermalandthe magneticpressurein the disk, which is a
conditionfor thelaunching(Ferreira& Pelletier1995).

In a presentedsetupthemagneticdiffusivity is effective only insidethedisk. With a
minor changein theinitial conditions,we performedthenumericalsimulationsof the
resistive accretiondisk and resistive corona.The jet wasaffectedin a way described
in Chapter4, i.e. for amoreresistivecoronathejet propagatedmoreslowly.

6.3 Summary of the results

Thenumericalsimulationsfor thesetupwith theturbulent,resistivethin accretiondisk
evolution includedareperformed,andthe questionof the jet launchingfrom sucha
disk addressed.Only the presenceof a large scalemagneticfield is requiredasan
initial condition.Thediffusivity is effectiveonly insidethedisk.

Our resultscanbesummarizedasfollows:

(1) For ourmodelsetup,apersistentoutflow from thedisk in equilibriumis formed.

(2) Thelaunchingof theoutflow occursfrom theinner( �w° 15) portionof thedisk.
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Figure6.10: Verticalprofilesof themagneticfield andthe toroidalLorentzforceat a given
radiusm andat Î =150.Leftpanel:Componentsof themagneticfield; thesolid line denotesthe
poloidal, andthe dashedline denotesthe toroidal component.Slice in k direction,at m =15.
Rightpanel:The toroidal componentof theLorentzforce, ÒÔÓjlLÕÅÖ6F . Slice in k direction,atm =5.

(3) Theoutflow resultsin awell collimatedjet insideourcomputationalbox.

(4) The jet terminalvelocity is of the orderof Keplerianvelocity at the inner disk
radius.

(5) Thequasi-stationarystateof theoutflow is reachedafter - Ë �t×!� .
(6) Thejet radiusis �®Ø2ÌË 20��
 .

The resultssummarizedhereindicatethat in a presentedschemeit is possibleto ob-
tainthequasi–stationaryjets,consistentwith theFerreira(1997)self-similarsolutions.
Thevelocity, magneticfield andmagnetictorquein our simulationscomplywith the
requirementsof thetheoryof axisymmetric,centrifugallydrivendiskwind.

However, theresolutionin our simulationsis ratherlow, andthatis why wecharacter-
ize our resultsaspreliminary. Also, in three-dimensionalsimulationsthejet becomes
unstablefor thesuper-Alfv énicspeeds,subjectto nonaxisymmetricKelvin-Helmholz
instability (Ouyedet al. 2003).Therefore,theconclusions(andprecautions)concern-
ing validity of two-dimensionalsimulationsremaineffective.



Summary

In this thesistheMHD jet formationandtheeffectsof magneticdiffusionon thefor-
mationof axisymmetricprotostellarjetshave beeninvestigatedin threedifferentsim-
ulation sets. The time-dependentnumericalsimulationshave beenperformed,using
theZEUS-3Dcode.Theprincipalmodelset-upwasfor a jet propagationthroughthe
resistivediskcoronaof acentralstarsurroundedby anaccretiondisk. In thesecondset
of simulationswecheck(for theidealMHD setup)thepossibilityof thejet collimation
by thepoloidalmagneticfield only, andin thethird setof simulationswe includethe
disk in theresistiveMHD simulations.

In thefirst stepwe investigatedtheresistiveMHD simulationsof jet formation,propa-
gationandcollimationwith a disk asa boundarycondition.Our initial setuphasbeen
for a force-freemagneticfield in ahydrostaticcorona,with theaccretiondisk included
asa fixed boundarycondition. For the disk to be evolved in time in our simulations
it takesa considerablylongercomputationtime, taking into accounta muchbigger
diffusivity in thedisk.

In the idealMHD jet simulationsit hasbeenfound that thedisk outflow evolvesinto
a quasi-stationarystateafter a few hundredsof disk revolutions (Ouyed& Pudritz,
1997). It is not at all obviousthat thesameshouldoccurin theresistive MHD simu-
lations.Whenthis is thecase,we cancomparetheresultsof thesimulationswith the
stationarystatecomputations.

On the global scaleof our numericalsimulationsthe jet bow shockadvancesslower
throughthe initial hydrostaticcoronafor the resistive jets. However, the velocity of
thematterinsidetheoutflow is increasingwith the increasingdiffusivity, leaving the
directionof the velocity vectorsonly slightly changed,when the poloidal magnetic
field de-collimatesincreasingly.

As thereexists a quasi-stationarystatein our simulationsfor the resistive MHD jet,
it is possibleto develop the modelwhich allows us to explain the jet decollimation
andaccelerationin the context of Lorentzforces. The entire flow alongthe jet axis
is collimatedby theperpendicular(to thepoloidalmagneticfield line) componentof
Lorentzforce,andtheparallelcomponentacceleratestheflow, increasinglywith the
increasingdiffusivity (Fendt& Čemeljíc 2002).

As apropermeasureof thedegreeof collimationwesuggesttheratioof themassflux
alongandperpendicularto the jet axis. Thereexistsa critical valuefor themagnetic
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diffusivity ¹!Ù�Ú , whenthemassflow becomesmostlyradially directed.

In thesecondpartof oursimulationsananotherapproachis investigated.It is generally
believed that the toroidal componentof the magneticfield providessubstantialforce
for thecollimationprocessin magneticallydrivenjets.However, in Spruitetal. (1997)
it hasbeenassumedthatthecollimationof thejet is dueto themagneticpressureof the
poloidalmagneticfield of thedisk. In orderto testthis ideanumerically, weperformed
thenumericalsimulationswith theoriginal, idealMHD versionof theZEUS-3Dcode,
settingthe initial stateby JETSETtool (Jørgensenet al. 2001). The toroidal compo-
nentof themagneticfield hasbeenartificially setto vanishin thesimulations,andthe
effectsof the poloidal componentof the magneticfield on the outflow have beenin-
vestigated.Physically, this situationis equivalentto an infinite anisotropicdiffusivity
in thedirectionperpendicularto thedisksurface(Ferreira& Pelletier1995).

In all theinvestigatedconfigurations,from thestraightlinesof themagneticfield, per-
pendicularto thedisk surface,via theopen(split–monopole)to thedipole–like mag-
neticfield lines,theacceleratedandcollimatedflow for thecoldcoronasimulationsin
theabsenceof thetoroidalmagneticfield hasnotbeenfound.

Theoppositehasbeenfound for thehot coronasimulations,whenaccessto anaddi-
tional sourceof energy is requiredin the disk corona. In our setup,thesecanresult
in acollimated,acceleratedoutflow evenin theabsenceof thetoroidalmagneticfield.
Theagreementhasbeenstatedwith Spruitetal. (1997)analyticallyderivedcondition,
that for theinitial magneticfield of thedisk givenwith

AÜÛ � ��Ý , with Þ Ë 1.3,such
outflowscouldteminateascollimatedandaccelerated.

Thenext stepin thenumericalsimulationsof jet formationis theinclusionof thedisk
structurein thesimulation.Theself-similarsolutionsfor a magnetizedaccretiondisk
driving jet have beengiven in Ferreira(1997),andthe first simulationsof a resistive
accretiondisklaunchingnontransient,idealMHD jet havebeencarriedoutby Casse&
Keppens(2002).Also in thethird setof numericalsimulationspresentedin this thesis,
thedisk-jettransitionhasbeeninvestigatedwith thediskevolvedin time togetherwith
the outflow. Our resultsresemblethe resultsof Casse& Keppensfrom the paper
mentionedabove.

Thepresenceof a largescalemagneticfield hasbeentheonly requirementasaninitial
condition,andwechooseit asaradiallystratifiedverticalmagneticfield. Themagnetic
diffusivity profile hasbeentakenwith a Gaussianprofile, vanishingoutsidethedisk.
Theverticaldisk equilibriumandtheKeplerianrotationimposetheconstraintfor the
radialdensityprofile. A radialequilibriumof thedisk is ensuredfor a sub-Keplerian
rotationprofile, andtheinitial poloidalvelocity profile hasbeendefinedsolelyby the
accretionratein thedisk,i.e. with aninwardradialvelocityattheouterradialboundary
of thedisk.

The preliminary resultsobtainedin thesesimulationsshow that the jet is launched
from theinnerportionof thedisk(Čemeljíc & Fendt2004).Theoutflow becomeswell
collimatedinsideour computationalbox,andthequasi-stationarystateof theoutflow
is reachedafterapproximately150rotationsof thedisk at the innerdisk radius. The
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jet radiusis about20��
 .
However, it is known that in three-dimensionalsimulationsthe jet becomesunstable
for super-Alfv énic speeds(Ouyedet al. 2003), as it is subjectto nonaxisymmetric
Kelvin-Helmholzinstabilities.Therefore,theprecautionsconcerningvalidity of two-
dimensionalsimulationsremaineffective.

Someof thenumericalsimulationspresentedin this thesiscanbeviewedat the
www.aip.de/Ë miki/jetovi.html.
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Appendix

A.1 Numerical Tests

As we have introducedtheeffect of physicalmagneticdiffusivity into theidealMHD
ZEUS–3Dcode,carefultestswerenecessaryto proveour implementation.In particu-
lar wecheckedthetimescalesintroducedby magneticdiffusionandthebehavior along
theboundaries.Theboundaryconditionsfor anaxisymmetricjet (“outflow”, “inflow
”and “reflecting”) arequitedifferentfrom whatis e.g.neededin boxsimulationsused
for otherscientificquestions.

Wedefinedtwo numericaltestsfor ourdiffusivecode.In bothcasesthecodebasically
solvesthe diffusion equation.We obtainedthis limit by settingthe initial densityin
the simulationto arbitrarily large values(herethe normalized ?NÆ ���!ß ) effectively
reducingany fluid motionsin our simulations.Thefirst testexampleis theanalytical
solution of the diffusion equationin Cartesiancoordinates,the secondexamplean
axisymmetrictorusof purelytoroidalmagneticfield in cylindrical coordinates.

A.1.1 Analytical solution to the diffusion equation

In Cartesiancoordinates4�àáU*âEU*@V9 thesolutionof theonedimensionaldiffusionequa-
tion for infinite spaceis ACB 4Râ3U,-�9W
 �« - y�z|{n��~ 4Râ½~ãâ!x\9�+ä ¹ - � U (6.6)

with themagneticdiffusivity ¹ 
åp + �/4 ä 78æá9 .
As a test for our code,we chooseasinitial conditionthe magneticfield

A�B 4ZàáU*â�9ç
ACB 4Râ�9 for a certaintime -è
é-�x from Eq.(A.1). For the two-dimensionalnumerical
grid we prescribe“free” (i.e. outflow) boundaryconditionsin à -directionanda time-
varyingfield for theboundariesin â -direction.

Figure A.1 show the result of our simulationsfor the time steps -n
 -�x\êw- ( êw-b
��]1��U���]�5|U���]ìë�U��|] ä ) for a magneticdiffusivity ¹ 
³�!]�� in comparisonwith theanalytical
results.As result,weobtainaperfectagreementbetweenthenumericalsimulationand
theanalyticalsolution.

95



96 Appendix

FigureA.1: Numericaltestof magneticdiffusion.Grid size í�î}l$í�î elementsfor anormalized
physicalgrid ï!ðñî½lLï!ðñî . Left Isocontoursof themagneticfield strengthò ¶ ÒYó3ô.õ�Ö (normalized
units) for different time stepsÎ�ö�Î x�÷ùø Î , ø ÎCö�î�ðñî (solid line), ø Îúö¬î�ð�û (dashedline).
Right Normalizedintensityprofile of the magneticfield strengthacrossthe two-dimensional
boxalong ówö û for differenttimestepsÎ}öüÎ x�÷wø Î with ø Î8öeî�ðñî�ô�î�ð�û�ô�î�ð¡ï!ô�î�ð¡ý (top to bottom
curve). Comparisonbetweentheanalyticalsolutionsolid lines andthenumericalsimulation
(dashedlines).

FigureA.2: Numericaltestof magneticdiffusionin cylindrical coordinates.Gridsize û�î�î3lXí�î
elementsfor a normalizedphysicalgrid û�î�ðñîwlÅí!ðñî . Left Isocontoursof the toroidalmagnetic
fieldstrengthfor differenttimestepsÎáö^Î x�÷�ø Î , ø Îáöeî�ðñî (solidline), ø Î8öeî�ð�û (dashedline).
Right Normalizedintensityprofile of the magneticfield strengthacrossthe two-dimensional
boxalong kCöãí for differenttimestepsÎáö^Î x ÷çø Î with ø Îáö^î�ðñî�ô�î�ð�û�ô�î�ð¡ï!ô�î�ð¡ý (top to bottom
curve).

A.1.2 Toroidal field torus

Here,our aim is to check,how our codetreatsmagneticdiffusionin cylindrical coor-
dinates,alongthe outflow boundaryin þ -directionandalongthe symmetryaxis. As
initial condition,wedefinea torusof toroidalmagneticfieldA�ÿ 4RþtU�@|U,-�x�
N��]���9®
 �-�x y�z|{n�/~ 4Rþ�~ãþvx\9 + � 4R@o~ù@�x�9 +ä ¹ -�x � ] (6.7)

Figure A.2 show the result of our simulationsfor the time steps -I
¨-�x\êw- ( êw-I
��]1��U���]�5|U��|]�ë�U*��] ä ) for a magneticdiffusivity ¹ 
 ��]�� in comparisonwith theanalytical
results. The simulationshows how the peakof the field distribution movesslightly
inwardsfrom its initial centralposition as the field diffuses. Note that as the field
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diffusesoutwardsthe volume over which the toroidal field is distributed increases.
Thereforethedecreasein field strengthin outwarddirection.Along thesymmetryaxis
thefield strengthremainszero,whereasthefield strengthalongtheoutflow boundaries
increases.No boundaryconditionis prescribedhere.

Although thereis no analyticalsolutionto comparewith, this simulationgivesagain
convincingevidencethatweproperlyincorporatedthemagneticdiffusionin theZEUS-
3D code.
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