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Boskovi¢'s curve from the book "A Theory of Natural
Philosophy”, Venice 1763, Roger Joseph Boscovich, S.J.

" Now the law of forces is of this kind; the forces are repulsive at very small distances,
& become indefinitely greater & greater, as the distances are diminished indefinitely,
in such a manner that they are capable of destroying any velocity, no matter how
large it may be, with which one point may approach another, before ever the distance
between them vanishes. When the distance between them is increased, they are
diminished in such a way that at a certain distance, which is extremely small, the
force becomes nothing. Then as the distance is still further increased, the forces
are changed to attractive forces; these at first increase, then diminish, vanish, &
become repulsive forces, which in the same way first increase, then diminish, vanish,
& become once more attractive; & so on, in turn, for a very great number of
distances, which are all still very minute: until, finally, when we get to comparatively
great distances, they begin to be continually attractive & approximately inversely
proportional to the squares of the distances. This holds good as the distances are
increased indefinitely to any extent, or at any rate until we get to distances that are
far greater than all the distances of the planets and comets [see Fig].”
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Intr oduction

Astrophysicaletsareextendedandcollimatedenegetic outflows of matterfrom vari-

ousastronomicabbjects. Thefirst naked eye obsenationsof the objecttodayassoci-
atedwith the protostellajetsweremadeat the endof XIX centuryby Burnhamwho

obsenredthe nehula (todaycalledBurnhams nelula) nearthe T Tauri star(Burnham
1890,1894). After theworks of G.H. Herbig(1950,1951)andG. Haro(1952,1953),
Mundt (1985)recognizedheseobjectsasjet-like outflows. Stellaroutflows, or more
preciselyyoungstellarobjects(Y SOs)jetsaretodayconsiderecessentiafor thestellar
birth process.

On a muchlarger, galacticscale,an optical jet wasdiscoveredby H. Curtisin 1918
asa straightray, connectedvith the nucleusof the giant elliptical galaxy M87 by a
thin line of matter(Curtis 1918). Throughto the early 19705 it remainedthe unique
example,until agreatnumberof radio-galaxiesevealedthe presencef theradiojets.

At the endof the XX century with the developmentof obsenationalmethodsmore
systemswvereincludedinto a classof jet sourcesTheseare,in additionto the already
mentionedyoung stellarobjects(YSOs)andactive galacticnuclei (AGN), high- and
low-masshinaries(HMXBs andLMXBs) andblackhole X-ray transientsall presum-
ably associateavith anaccretingneutronstaror ablackhole. In thesesourcesthejets
arerathersporadicallyobsened,andnot asarule. Also, in somesymbioticsystems
(containinganaccretingwhite dwarf), the presencef ajet is indicatedafter somere-
centdiscoveries(Bond& Livio 1990;Pollaco& Bell 1996),andLivio (1999)suggests
theinclusion of the planetarynehulaejetsinto the class. In the 1990 the supersoft
X-ray sourceqSSS)were addedto the list, asthey are supposedo containa white
dwarf accretingthe matterfrom a subgiantcompanion(Hasinger1994; Kahabka&
Trumperl996).

Both obsenationaltechniquesandtheoreticalmodellinghave considerablymproved

in thelastfew decadesPresentlywe areableto testcertainphysicalconstraintof the

models.Therelative stationarityof the astrophysicajets makesit possibleto compare
the obsenedjetswith theresultsof the analyticalstudies which usuallycanbe done
only in a stationarityapproximation.

One fact following from the obsenationsis that, up to now, all the objectswhich
exhibit jetsarethosefor which anaccretingcentralobject,andthereforethe accretion
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disk, is assumedThe presencef the magnetidield is alsoubiquitous.

The paradigmarisingfrom this obsenation that the formationof the jet requiresthe
presencef anaccretiondisk will beinvestigatedn thisthesis.

A launchingof thejet from thesurfaceof astar or the explanationof its high degreeof
collimationthroughobliqueshockswhenthe accretionprocesss notthe mainunder
lying maching(Cantoetal. 1988;Frank& Mellemal1996)hasthe maindisadwantage
that, for the differentclasse®f the objects,the modelssubstantiallydiffer. As the jet
launchingmechanismsarerathersimilar for the very differentunderlyingobjectsiit is
temptingto try to find someunifying scheme.

Theunifying mechanisnfor collimationandacceleratiorf jetsproposedn thisthesis
is the hydro-magnetione,i.e. the jet is magnetically-diven. The numericalsimula-
tions have beenperformedwithin a non-relatvistic schemewith the ZEUS-3Dcode,
andthe resultsare relevant for the protostellarjets. However, to someextent, it is
possibleto alsoscalethe conclusiongo AGN jets.

This thesisis organisedasfollows. After the obsenationaldataandtheir implications
for the models,in the secondchaptera theoreticalbasisof resistve magnetohydro-
dynamicsis given, andthe ZEUS-3D magneto-hydrodynamiasodeintroduced. In
thethird chapterwe presenstationaryandtime-dependenmodelsfrom the literature
andsummarizemportanttheoreticakconceptsThe numericalsimulationsof ajet for-
mation with the initial and boundaryconditionsare presentedn the final chapters.
In the Summarythe main resultsare collected,andtheir discussioroutlined. In the
Appendix,our testsfor theresistve ZEUS-3Dcodearepresented.



Chapter 1

Astrophysical outflows: The disk-jet
paradigm

1.1 Protostellar jets

It is possibleto follow a history of young stellarjets backto 1890, when Burnham
(1890,1894),throughthe Lick Obsenatory90-cmrefractorobsenedthefaint nehula
neartheT Tauristar This objectlaterbecamenown asBurnhams Nelula, andtoday
it is assignedHH 255.

Half acenturylater, G.H. HerbigandG. Haroindependentlyliscoveredcurious‘semi-
stellar” objectsin Orion constellationanddescribedhe basicpropertiesof theseob-
jects(Herbig1950,1951;Haro01952,1953).Herbig(1951)notedthe spectrakimilar-
ity of theseobjectsto Burnhams Nelula, with peculiar strongemissioninesof [S [1]
and[O I].

Ambartsumian1954,1957)relying on the co-existenceof theseobjectswith nearby
nekulous or emission-linestars,suggestedhat theseobjects(called Herbig-Haro or
HH objectsby him) arethe earlystagesf youngT Tauri stars.An enlagementof the
platepublishedn Herbig(1951)is presentedn Fig. 1.1.

In thenext 25 yearsmorethan40 Herbig-Haroobjectswerefoundandstudied(Herbig
1974),but their natureandorigin remaineda mistery until Schwartz (1975)suggested
thatthe spectralpropertiesof theseobjectsmight be a resultof the shock-ecited gas.
The shockwas supposedo be excited by supersoniavind from the youngstar To-
getherwith the discussionof the possibleshockmechanismgcamethe discovery of
the high propermotionsin HH objects,of the orderof several hundredskm/s (Cud-
worth & Herbig 1979). The prototypeHH-objectsHH1 andHH2 appearto move in
oppositedirections,and one naturalpossibility wasthat they could move away from

7
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Figurel.l: HH 1,2 and3 asseenin anenlagementof the platepublishedin Herbig (1951).
HH 1, 2, and 3 arethreestarlike objectsin line exactly belov the biggestobject, which is
NGC 1999. The platewastakenin the blue spectrakegion with the Crosslg reflectorat Lick
Obsenratoryin Jan20, 1947.Adoptedfrom Reipurth& Heathcot€1997).

acommonsource(Herbig & Jonesl981). Todaythe acceptedictureis what Dopita
etal. (1982)concludedor theHH 46/47system:HH objectsresultfrom bipolar, well
collimatedflows, “jets” from a young,embeddedtar Imagestakenin the following
yearsshovedthatHH objectsarenotindependenbbjects but shockfronts of the jets
drivenby youngstellarobjects(Mundt 1985).

In Mundtetal. (1987)thetypical lengthof the HH jet wasestimatedo be 0.01pc to
0.2pc. Later, evenlongerjetswerediscovered(Poetzelet al. 1989; Marti etal. 1993;
Ogural995)with lenghtsof the orderof few parsecs.Also, Bally & Devine (1994)
andLopezet al. (1995) re-estimatedhe jet lenghtsof HH34, HL Tau and HH30 to
be of the orderof few pc’s. Measurementsf the radial velocitiesalso supportthis
prolongationof the jet lenghts(seeEisloffel & Mundt1997).

It turnedoutthatmultiple working surfacesarepresenin largerflows thanwasearlier
thoughtto be associateavith singlejets (e.g. Stanle et al. 1999). This suggestshat
the jet feedingmechanisnis nonsteadyn thetimescaleof 1000to 2000years.

With theHubbleSpaceTelescop€HST) thedirectobsenationof thedustdisk around
the sourceof the jet becamepossible. Currently one of the bestexamplesis that of
HH30 which shows not only the edge-onseendustdisk, but alsothe motion of the
ejecta,.e. asub-structuref thejet (seeFig. 1.2).
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The Dynamic HH 30 Disk and Jet
Hubble Space Telescope « WFFC2

Figurel.2: Thepicturesof HH30takenbetweerl 995and2000with the Wide Field Planetary
Camera2, aboardHST. The dustdisk diameteris 450 AU. Thereflectionnelulae abore and

belov the equatoriaplaneof thedisk areilluminatedby the centralstar The changingpattern
of the shadavs on the disk canbe causedy bright spotson the star or variationsof the disk

structurenearthe star Credits:NASA, A. Watson K. StapelfeldtJ. Krist andC. Burrows.

Thatthe jet origin is in the vicinity of the centralobjectfollows from one more ob-

senationalfact: the protostellarjet emegeswell collimatedfrom the dustdisk. A

collimatedjet is visible, e.g. in the caseof DG Tau, at the distanceof approximately
40 AU from a centerof thedustdisk (Kepneretal. 1993).

1.2 Jetsin other astronomical objects

Collimatedbipolarjets arealsoobseredin otherclasse®f astronomicabbjectsand
on differentscales.In Table 1 arelisted the classesandthe supposeaorresponding
physicalsystemsSomeof themaretraditionallynotconnectedvith thejets. However,
the criterion of inclusionis the existenceof collimatedoutflows, not the ubiquitous
appearancef the jetsin thesesystemsThetableis notvery restrictve, a single(pos-
sible) obsenationof the jet wasconsideredo be enoughto includethe corresponding
objects.

Weakly collimatedoutflowns areobseredin mary otherobjectsasoutburstsof novae,
giantstarsor post-asymptotigiantbranchstars but we will concentrat®n theinves-
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Tablel.1: Systemswith collimatedoutflovs. Adoptedfrom Livio 1999.

Object Physicalsystem

Youngstellarobjects
Massve X-ray binaries
Black hole X-ray transients
Low massX-ray binaries
Symbioticstars
Planetarynelulaenuclei
SupersofiX-ray sources

Accretingyoungstar
Accretingneutronstaror blackhole
Accretingblackhole
Accretingneutronstar
Accretingwhite dwarf
Accretingnucleus
Accretingwhite dwarf

D>>rrrm-4wm

Active galacticnuclei EXTRAGALACTIC | Accretingsupermasse blackhole

tigationof the objectswhich shav well collimatedhigh velocityoutflows (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 transientsaarethe “standard”jet-containingobjects.

The planetarynelulae (PN) are usually not mentionedin a jet contet, but after the
direct obsenation of the jets in the planetarynelula K1-2 neara binary star VW
Pyx (Bond & Livio 1990), and a bipolar proto-planetarynetula M1-92 (Trammell
& Goodrich1996),it becamepossibleto includethe planetarynehulaein suchatable.
Also, someplanetarynehulae seemto be directly connectedo the precessingetsin
the pointsymmetridPN (Livio & Pringle1996).

SupersofiX-ray sourcesenteredhelist aftertheworks of Pakull (1994),Cramptonet
al. (1996)and Southwellet al. (1996). In the caseof LMXBs, thereexists only one
singleobsenationaldetectionof ajet up to now: Cir X-1 (Stevart et al. 1993),with
thedegreeof collimationof thejet unknavn. Similarly for the symbioticsystemsthe
jetis obseredonly in R Agr (Burgarella& Parescel992).

All of the objectsmentionedabove are supposedo be the objectswith anaccretion
disk, andthe mostimportantquestionaboutthe astrophysicajetsis then: Is the pres-
enceof theaccretiondisk requiredfor the jet formation?More shouldbe known about
themechanismgvhich canresultin ajet, to answetthis. If true,themodelwouldapply
for morethanjust explaining someexotic astronomicabbjects.

Anotherobsenationalresultis theterminalvelocity of jets. Thisvelocityis in all cases
of the orderof the escapevelocity of the centralobject. For the protostellarjetsit is
a few hundredsof km/sec,andfor therelatiistic jets from accretingneutronstarsor
black holesit is higherthan0.9 ¢. Theimmediateconclusionfollowing from this is
thattheinnerpartof theaccretiondisk is the origin of thejet.

Similar to YSOsjets, the relatwistic jet emegeswell collimatedfrom the disk. For
AGN, theVLBI resultsfor the Virgo A (3C274)in M87 shaws the origin of the jet is
at70gravitationalradii (Junor& Biretta,1995).In thecaseof themicroquasati.e. the




Astrophysical outflows: The disk-jet paradigm 11

STIS Optical

STIS Optical

Seyfert Galaxy NGC 4151 HST « STIS « WFPC2

PRC97-18 » ST Scl OPO » June 9, 1997
B. Woodgate (GSFC), J. Hutchings (DAQ) and NASA

Figure1.3: Se/fert galaxyNGC 4152. The SpaceTelescopdmaging SpectrograpSTIS)
simultaneousecordsshav the velocitiesof hundredof gasknotsstreamingrom thenucleus,
which is thoughtto be a supermasse black hole. Upper left is a HST Wide Field Planetary
Camera2 imageof the oxygenemission(5007,&). Thereis no informationaboutthe motion
of theoxygengas.In STISspectraimageof the oxygengasupperright- the velocitiesof the
knotsaredeterminedoy comparingthe knotsof gasin the stationaryimageto the horizontal
location of the knots. Lower left imageis the velocity distribution of the carbonemission,
which requiresmore enegy to glow thanfor ionizationof the oxygengas,andis therefore
probablycloserto the enegy source.In thelower right image,which is thefalsecolorimage
of thetwo emissionlines of oxygengas4959and5007,&), theline passinghroughtheimage
originatesprobablyfrom the powerful blackholein the center

black hole X-ray transient,in presentopinion) GRS 1915+105the multiwavelength
obsenationshave demonstrated correlationbetweerthe X-ray andIR flares,suggest-
ing thatthe causdor the X-ray triggeringandIR peakss thesameg(Fenderetal. 1997;

Poolegy & Fenderl997;Greineretal. 1996;Eikenberryetal. 1998).

If it shows to be persistentpne obsenationalfact (or ratherone non-detection)can
provide someclue to the jet formation mechanism:he cataclysmicvariables(CVs)

doesnot show thejets. Takinginto accountthatthey involve accretiondisk, asSSSs
andthe symbioticstars the differencein ajet forming conditionscould provide some
constrainton thetheoreticaimodels(Livio 1997).
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1.3 Jetformation - a magnetohydrodynamicalprocess

Model in which thejet is launchedrom the disk-jet system with a dipolar magnetic
field of a centralstar is similar to the well investigatedsolarwind. Exceptfor the
correlationbetweerthedisk massandoutflow enegetics(Cabritetal. 1990),it is sup-
portedmostlybecausef thetheoreticafeasongseee.g. Kikeretal. 2003). However,

beforethemeasurementsf themagnetidield areavailable,it canbealsocorvincingly

criticized (Safier1998,1999).

High degreesof collimationandlarge velocity of the jets cansofar simultaneouslye
explainedonly within the MHD model(e.g. Blandford1993;Konigl & Ruden1993,
Rayetal. 1997).

The direct evidencefor the importanceof the magneticfield for the accelerations
available only for extragalacticjets. Polarizedsynchrotronemissionat radio wave-
lengthsin radiogalaxiesandin theopticalband(for M87) do not have equallysignif-
icantcounterpartn thestellarjets.

Thejet is, therefore understoodasa streamof plasmaaccelerate@dndcollimatedby
magneticforces. Origin of the ejectedmatteris theimmediatevicinity of the central
object,whichincludesanaccretiondisk.

Thetheoreticalexplanationf the jet formationcanbedividedinto threeclasses:

I) Hydrodynamicmodels,wherethe collimation canbe achiezed by De Laval nozzle
(Blandford& Reesl1974),by vorticesarounda black hole (Lynden-Bell1978),or by
self-similarthick disks(Gilham 1981;Narayan& Yi 1995).

II) Wind models,wherethe local magneticfield of the rotatingsourcecollimatesthe
outflow (Mestel1968;Blandford& Znajek1977;Sakurail985;Li etal. 2001).

[I) Modelswherethe outflow is collimatedby a disk magneticfield, beingor large-
scalemagneticfield adwectedinwardsfrom interstellar/integalacticspace(Lovelace
1976;Blandord& Paynel982,hereafteBP82;Uchida& Shibatal985;Bell & Lucek
1995;0uyed& Pudritz1997ahereaftelOP97)or thefield producedocally in thedisk
(or in the centralobject)by somedynamoprocesgTout& Pringle1996).

A well establishedactis thatin the caseof YSOssuchpowerful bipolar outflows as
arejets, could not be thermally or radiationpressuredriven winds (DeCampli1981,
Konigl 1986). Thereasoris thatthe obsenedfluxesexceedthosewhich the protostar
couldprovide.

Theacceleratiorandcollimationof theinitial disk (or stellar)wind is thenassumedo
bearesultof themagnetidield. 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.

BP82 modelrequiresthat the magneticfield lines threadthe disk at an angleof 30°
or morewith respecto thejet axis, for the matterto be centrifugallyejectedfrom the
surfaceof theunderlyingKepleriandisk (see§3.1.1here).

In the lattermodelthe twisting of alarge-scalanagnetidield, becausef therotation
of aradially collapsingnon-Keplerianaccretiondisk, relaxesthroughthe emissionof
thetorsional Alfv én wavesthat propagaten both directionsalongthe magneticfield
lines. Matteris thentransportedo the surfaceof the disk, from whereit is being
ejectedn thebipolaroutflows.

The X-wind model

In the X-wind model(Shuet al. 1994), a partial openingof the magnetosphereon-
nectingthe centralstarandthe accretiondisk is assumedThe corrotationpoint of the
disk andthe centralmagnetizedtaris the origin of the outflow. Magneto-centifugally
driven winds from the inner edgeof the disk extract the excessangularmomentum
alongthe openmagnetidield lines. Suchmechanisntould be plausiblein the caseof
YSOs,but fail in the caseof accretingolackholes.

1.4 Magnetic driven outflows

The obsened correlationbetweenthe disk massand outflow enegeticssupportsthe
diskwind scenaridqCabrit& André 1991;Edwardsetal. 1993).Its mainadwantagds

the generality:detailednatureof the centralobjectis not essentiafor the description
of the physicsof the outflow.

Self-similarmodelsfollowing BP82approach Konigl 1989; Wardle & Konigl 1993;
Li 1995; Ferreiral997)resultedin the consensushatit is possibleto describea jet
launchingfrom the accretingdisk in a pure magneticscheme.The resultby Ferreira
(1997)wasthe jet in smoothtransitionfrom a resistve disk, with the Lorentzforce
lifting thegasvertically.

Time-dependeniHD simulationsof thejet formationwereundertalenin two ways.
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Accretion disk asa boundary condition only

In the schemewith the accretiondisk asa boundaryconditionit is possibleto obtain
numericallystable,long-lastingsolutions,but it is intrinsically incomplete. The jet
formationmustincludethe proces®f accretionn adisk, astheaccretednattershould
feedthejet. However, evolution of thedisktogethemwith thejetis numericallydifficult,
becaus®f the differentcharacteristicime-scalesnvolved.

The first simulationsof the jet with the rotating accretiondisk taken as a boundary
conditionhave beendonewith thesoftenedyravitationalpotentialandnon-equilibrium
initial conditions(Ustyugova et al. 1995; Romanea et al. 1997). The simulations
resultedn collimated,non-stationaryputflows.

In OP97simulations,wherethey studieda disk coronainitially in hydrostaticequi-
librium andpressuréalancewith the underlyingdisk (givenasa boundarycondition
only), astationarycollimatedflow emegedafter400rotationsof theinnerdisk bound-
ary.

In Krasnopolsk etal. (1999)the steadystateof the outflow is alsoreached.The disk
boundaryconditionin their simulationsincludeda thin, axial jet from the region near
theorigin, to limit theinfluenceof the prescribednassnflow from thedisk surfaceon
theforming outflow.

After theseideal-MHD simulations a further steptowardsthe inclusionof the disk in

the simulationswasto performthe resistiveMHD computationdollowing the OP97
setup(Fendt& Cemeljic 2002). The motivation wasthatthe Alfv énwavesfrom the
highly turbulentaccretiondisk areexpectedo propagatento the disk corona.There-
fore,thesewaveswould provide the perturbationgor somedegreeof turbulentmotion
alsoin thejet.

There exists an alternatve approach,concerningthe mechanisnmof jet collimation.
Spruitetal. (1997)arguethattherole of thetoroidalmagneticfield in thejet collima-
tion cannotbe crucial. Instead,the poloidal magneticfield of the disk is considered,
andthe collimation dependn the ratio of the outerto inner disk radius. In Chap-
ter 5 we presentour simulationsin this approachwith the disk given asa boundary
conditiononly. Herewe only note that the jet collimation and acceleratiorby sole
poloidalmagnetidield shavedto be possiblef thereexists someadditionalsourceof
theenepgy in asystem.

Simulations of the disk+jet system

In Uchida& Shibatg1985),Shibata& Uchida(1985,1986),Stone& Norman(1994a),
Hayashietal. (1996),Goodsoret al. (1997),authorsin generalconfirmthatactionof
the Lorentzforce ejectsthe materialfrom the disk surface. A sub-Kepleriandisk ro-
tationmay resultasanoutcomeof the magnetidoraking,becaus®f the back-reaction
of themagnetidield onthedisk.
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The interactionof a stellar (dipole) magnetospherandthe disk structurewasinves-
tigatedin simulationsby Miler & Stone(1997),which carriedout 2D resistiveMHD
simulationsof protostellarjets.

However, suchsimulationscould be performedonly up to a few tensof the Keplerian
rotationsat the innermostradiusof the disk, becauseof the numericalreasonsand
approximationsof the ideal MHD, or the resistvity beingassumeduniform in the
computationsOnly with imposingtheinitial andboundaryconditionswhich omitted
thereboundingof the accrettedmatteron the boundary(Casse& Keppen2002),the
longersimulationsbecamepossible Oursimulationan Chaptei6 herefollow asimilar
idea.

1.5 Origin of magneticfield

Themagnetidield in thevicinity of YSOsis of theorderof kG (Andréetal. 1991).In
thecaseof AGN, it is of theorderof mG (Ferrarietal. 1997)in thedevelopedjet, and
closeto the source whichis supposedo bethe accretiondisk arounda supermassie
blackhole,it mightbeafew kG atthedisk surface(CamenzindL990).

For the sourceswhich includea neutronstaror stellarmassblack hole, the magnetic
fieldsarevery large,up to 10'* Gaussandthefield strengthin the eventualaccretion
disk or thejet itself is still notknown.

In thehydro-magnetienodelsof the jet acceleratiorandcollimation,somelarge scale
magnetidield is assumedo threadthedisk. Whichis theorigin of thismagnetidield?
It couldbe analreadyexisting (large scale)magnetidield, or oneproducedocally.

1.5.1 External field

For the casewhenthe magneticfield is advectedinwardsfrom the interstellar(inter-
galactic)spacethe existenceof a strongpoloidal componenbf the magneticfield is
supposedThisfield is twistedby the rotationof the disk, which becomeslower be-
causeof theresultingtorque. The jet is a kind of by-productof thetwist. It removes
the excessangularmomentunfrom the system.The problemwith this pictureis that
theorigin of thepoloidalfield is notclear In thecaseof YSOsit mightbeapreeisting
interstellarmagneticfield, amplified during the accretionin the collapsingmolecular
cloud. In the caseof AGN, theinnerregion of the disk s fully ionizedand,because
of the differentialrotation of the disk, the toroidal, and not the poloidal component,
is amplified. In both casesthe accretingmatterin the disk advectsthe field inwards
from theinterstellar(intergalactic)spacg BP82,Pudritz& Normanl1983;Lovelaceet
al. 1986,K0onigl 1989).
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1.5.2 Field producedlocally

Here,somedynamaprocesss evokedin theaccretiordisk or in thecentralobject(Tout
& Pringle 1996; von Rekowski et al. 2000). The feedbackof the inducedmagnetic
field onthe matterlimits thefield strength.Locally, Keplerianshearflows arelinearly
stable(Stavart 1975), but magneticonsetof the turbulenceis possibleeven with a
linear MHD instability (Balbus & Hawley 1991). The dynamois supportedby the
motionsresultingfrom the instability. Naturally, the nonlinearinstabilitiescould take
place,too.

Evenif thefield is generatedocally, the origin of thefield onthelengthscaleof order
of thedisk radiusis unknowvn. Thefield strengthgyeneratedy the eventualdynamo
areproportionalto the heightof the disk (Hawley et al. 1995; Matsumoto& Tajima,
1995).

1.6 Jetpropagation

Thetheoryof opticalemissionfrom HH objectsvia the heatingandexcitationmech-
anismwas introducedby McKee & Hollenbach(1980). They explainedthe shocks
by a suddenchangeof density pressuretemperatureyelocity anda numberof other
guantitiesn agas.Behinda shock,thegascoolsandits densitycontinuego increase.

Whenit becameclearthatmostof the Herbig-Haroobjectswerenot independenbb-
jects,but rathershockfronts of thewell collimatedjetsdrivenby YSOs(Mundt 1985;
Mundtetal. 1987),the extentof suchjets, reachinga parsecscale shavedto beenor
mous. Furthermore:the leadingsurfacesof somejets, thoughtto be the terminating
surfacesof the outflows, shaved not to be the ultimate ones. They areencountering
the gaswhich is alreadyfastmoving away from the driving sourceof thejet, i.e. the
flows aremuchlongerthanvisible at the time (Heathcote& Reipurth1992;Morseet
al. 1992,1994). Recentobsenationsshowv that mary HH flows extend over several
parsecgBally & Devine 1994;Eisloffel & Mundt 1997;Reipurthetal. 1997; Stanle
etal. 1999).

Theexistenceof theseriesof internalworking surfacesn theflow leadsto the conclu-
sionthatthe ejectionof matterinto thejet is nonsteadyWhenthis substructuren the
jetis intensen theregion betweerthe origin andtheterminatingjet lobe, it is referred
to as“knots”. Interestings to notethatthetimescaleof theseejectionss of the order
of 1000years,andthereforecould be relatedto eventssimilar to the episodicstrong
accretionphaseof FU Orionis,wherethe outhurststake place(Dopita1978;Reipurth
& Heathcotel992).

Theinteractionof astellarwind andthe surroundingnedium(workingsurfacg results
in two shocks:

i) Theambientshock- A shockin which the ambientmediumis acceleratedo the
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SLOW SHOCK

MACH
DISK

JET

Figurel.4: Thebow shockworking surface.A layerof densegasbetweertheleadingpartof
thebow shockandthe Machdisk interactswith the ambientgasandformsthe sidavaysparts
of thebow shock.

propagatiorspeedf theinteractionregion.

i) Theinnershock(the Mach disK - Herethe materialin the flow is deceleratedo
thespeedof theinteractionregion.

Betweenthesawo shocksalayerof densegasis located(Hollenbachl997). Thisgas
canbe subjectto fragmentatiorinto clumpsandfilaments(Blondin etal. 1989;Stone
& Normanl1994a;Suttneretal. 1997),which could be anexplanationfor the “knotty”
structureof thejets.

One specialcaseof the shockis frequentlycalled a bow shodk (Blandford & Rees
1974;Normanetal. 1982;Hollenbach1997;Ragaet al. 1998). It explainsthe shape
andwidth of emissionlines, the spatialdistribution of emissionin differentlines,and
the position—\elocity diagrams.In a bow shockthe headof the jet is surroundedy

an ervelopesimilar to a rotation paraboloid(Fig. 1.4). It is formedby the material
expelledsidevardsof theregion betweerthe Machdisk andleadingshock.
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Chapter 2

Theoretical conjecture

Fromtheobsenationsit is possibleo concludehattheastrophysicajetsaremagneti-

cally driven(e.g.Mundtetal.1990;Mirabel & Rodriguez1995;Rayetal. 1996).Thus,
in orderto modelthe jet formationprocessve needto solve the MHD equationaun-
derastrophysicaboundaryconditions(BP82;Pudritz& Norman1983;Sakurail985;
Uchida& Shibatal985;Lovelaceetal. 1986,1991;Shuetal. 1994).In thefollowing
sectiongivenis abrief introductionto theMHD theoryandthe MHD codeZEUS-3D,
which we usedfor thenumericalsimulations.

2.1 Resistve magnetohydrodynamics

The MHD equationsare a combinationof the hydrodynamicequations Maxwell’s
equationgandthethermodynamiequatiorof state.Wewill considetthenon-relatvistic
approximation.Theequationsarewrittenin the cgssystemof units,c in theequations
is the speedf light.

The hydrodynamiequationsarethe (mass)continuity equation,

dp
— . =0 2.1
andtheforce equation(the equationof motion),
ou 1 .
pa—kp(u-V)u:—Vp—pVCI)—{-E(g xB)+ F,. (2.2)

Here,p is themassdensity u is the velocity, p is the hydrodynamiqressure is the
gravitational potential, B is the magneticinduction,and F',, is the viscousforce. In
ourwork we do not considerviscousfluid, sothelasttermwill beommitedfurther.

Theelectriccurrentdensityy is givenby Ampereslaw,

jZiVXB. (2.3)

19



20 Theoretical conjecture

Neglecting the displacementurrent,we can describethe electromagnetidields by
Ampereslaw (2.3), Faradays law,

10B _

VXE+-—=0 (2.4)
c Ot
andthe equationstatingthe non-istenceof the magnetiononopoles
V-B=0. (2.5)
Theenegy equationis
e .,
oe ) cu) — — 42 = 2.
platw“(u V)G]er(v u) =3 =0, (2.6)

wheree is the internalenegy, andthe lasttermis the Ohmic heating. The thermo-
dynamicequationof state,i.e. the specificationof the gaspressureclosesthe setof
MHD equations.

2.1.1 Ohm’slaw

In the magnetohydrodynamicen approximatecequationof Ohm’s law is usedfor a
low frequeng perturbationgndin appropriatdengthscale(whenthethermalmotions
aremuchsmallerthana characteristidengthscale),andfor the denseenoughplasma:

1
j=0(E+-uxB). (2.7)
C
A scalarfunctiono is theelectricalconductvity.

FortheMHD drivenjets,thejet canchangeghemagnetidield throughthereconnection
or throughthe diffusion and adwection of the magneticfield. The dynamicaltime
scalefor YSOsjetsis t4,,=10*-10° yr (Reipurthetal. 1997;Eisloffel & Mundt1997).
This meanghateventhe slow diffusive processesould affect the jet propagation.n
general,anassumptioris thatthe magneticfield (which launchedhe jet) remainsin
thejet andtravelswith it.

In a moderatelyionized plasmaof YSOsjets (relatvistic jets are more ionized, see
Dopitaetal. 2002),theionizationfractionsare x = nionized/"neutrai=0.5-0.01(Harti-
ganetal. 1994). Thesdractionsdecreaseavith apropagatiorof the plasmabeyondthe
internalshocks.In the optically invisible partof thejet this ratio couldbe very low.

Otherwise,if the plasmais not fully ionized, also the ambipolardiffusion may re-
arrangethe field. As the jets are very extended(in length) and narrov objects,the
ambipolardiffusion could strongly affect the MHD equilibrium after the jet launch-
ing (Franketal. 1999). For the dynamicaltime scalecomparablevith the ambipolar
diffusiontimescalethe magnetidorcescould nolongerconfinethejet.

In Ferreira& Pelletier(1993)it is shavn that, with a goodaccurag, the ambipolar
diffusion andviscosity canbe describedby an effective resistvity. Therefore,n our
simulationswve neglectedviscouseffectsandworkedwith the magneticresistvity.
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2.1.2 Induction equation

Faradays law, if we expresstheelectricfield E from Ohm’slaw, becomes,

0B c? 1
E—Vx(uxB)—EVx(;VxB). (2.8)
We entered; from Amperes law, Eq. (2.3). The obtainedequationdescribingevolu-

tion of themagnetidield, is oftenreferredto asthe“induction equation”.

In the caseof constantelectricalconductiity o, andintroducingc?/(4wo) = 7, the
inductionequationbecomes

%—?:Vx(uxBHnV?B. (2.9)

Thevariablen is calledthe magneticdiffusivity.

The ratio of the first to the secondtermsin the bracletsis the magnetic Regynolds
numberR,, = UL/n, whereL andU arethetypical lengthscaleandvelocity, respec-
tively. Thisratio describesheimportanceof thediffusive termfor the evolution of the
magneticfield. The astrophysicalengthscalesarevery large, implying alsoa large
R,,. For example,in acompletelyionizedhydrogenplasmathe microscopicdiffusiv-

ity isn, ~ rec(um/c)™3, wherer, = e?/(mec?) is the classicalelectronradius,and
usn = 1/ kT /me is theelectronthermalspeed.

In atypical protostellacasel’ = 10*K, U = 100km/s, andL = 100 AU, themagnetic
Reynoldsnumberis R,, = U L/n, ~ 10'. Similaris for the galacticjetsandaccre-
tion disks. A microscopiadiffusivity aloneleadsto nonsignificanimagneticReynolds
numbersn astrophysicahpplications.

For aninfinite conductvity, (theideal MHD assumption)we canneglectthediffusive

partin theinductionequationwhich becomes,
0B

E:VX(UXB). (2.10)

This equationdescribeghe motionof magnetidield linesascoupledto the fluid mo-
tion. It is describedasthe“freezingin” of the magnetidield in afluid.

2.1.3 Equation of motion

The magnetidorce (the Lorentzforce)in the equationof motionbecomes
1 1
-jxB=——Bx (VxB).
d B x(VxB)

This,asiV(B - B)=(B-V)B + B x (V x B), wecanrewrite as
1, 1.1
ixB=——[V(B-B)-(B-V)B]=

B? 1

__v <§> +(B-V)B. (2.12)
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The magneticforce canbe understoodas consistingof a “magnetichydrostaticpres-
sure”pyr = B?/(87) andan additionalpart which describeghe tensiondueto the
curvedlinesof force. The equationof motionbecomes

du

1
p— =—-V(p+pu+p®)+—(B-V)B. (2.12)
dt 4

2.1.4 Turbulent magneticdiffusion

As discussedn §2.1.2,becausef the large lengthscales,n all astrophysicabppli-
cationsthe magneticReynoldsnumberfollowing from the microscopicmagneticdif-
fusivity aloneis very large. If thereexists ary magneticdiffusivity in astrophysical
systemsit is mostprobably“anomalous”,describedy macioscopicMHD instabili-
ties,i.e. theturbulence.

Theaccretiondisk is highly turbulent,andit seemsaturalto expectthe turbulenceis
adwectedby thejet/wind high above thedisk. The coronalmagnetidoopsarewinded-
up andthereconnectioroccurg(Miller & Stone2000).Aditionally, aninteractionwith
the surroundingnediumincreasesheturbulenceof thejet.

The anomalousmagneticturbulenceresultsin a much smaller magneticReynolds
number The parametrizationr- the sameway asin a Shakura-Suyaes modelin the
caseof a hydrodynamicaliscosity— gives

T :OdeL, (O“/M < ]-) -

Onechoicefor thecharacteristiwelocity U isthepoloidal Alfv énspeedy 4 = B, //4mp.
With «,,, = 0.1 andfor theunit typical velocity andlength,we obtain R, ~ 10.

In the termsof the time scales,it is possibleto definethe local magneticReynolds
numberastheratio of the diffusive anddynamicaltime scale,R,,, = 7qifr/7ayn. IN the
numericalsimulationswith numericalgrid cells of the sizel, 746 = min(I?/n), and

Tayn = min(l/ua).

2.2 Conservation laws of stationary ideal MHD

The axisymmetryof the astrophysicajets on the big scalesandtheir relative station-
arity, leadsto the stationaryMHD in theoreticakonsiderationsWe dervedheresome
conseration laws for a stationary(9/0t = 0) andaxisymmetridd/0¢ = 0) casein

cylindrical coordinateg Rz,¢,z) with the unit vectors(eg, ey, e,). Theselaws will be
referredto in the next chapters.

LUst & Schhiter (1954), Chandrasekhaf1956) and Mestel (1961) provided the first
derivationsfor the axisymmetricideal MHD in the caseof incompressibleand non-
viscousfluid.
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Theinductionequation(2.8) is thensimplifiedto

Vx(uxB)=0. (2.13)

Therearetwo specialdirectionsin whichvectorfieldscanbedecomposedhepoloidal,
markedby the subscripip, which is thecomponenté themeridional(R,z) plane;and
thetoroidal, marked by the subscriptp, in the ¢ direction.

For a decomposedelocity and magneticfield: v = u, + vy = u, + w x R and
B = B, + B,4. We canwrite, from the simplifiedinductionequation:

V x [(up +ug) x (B, + Byg)]=0.

The poloidal componenof this, which is the toroidal componenbf the expressionn
thesquarebraclets is

V X (up, X B, +ug x Bg) =0,

WherEU¢ X B¢ =0, aS’U,¢HB¢.
The toroidal componentwhich is the polodal componentof the expressionin the
squarebracletsabove, is

VX(UPXB¢+U¢XBP):O.

As the axisymmetryis supposedthe toroidal vectorfield u, x B, from the poloidal
componentould not be a gradientof somesingle-valuedelectrostatigpotentialand
we canwrite, for the parallelvectorfields«, and B,?

u, = kB, . (2.14)

Here,x = k(R, z) is ascalarfunction,constanfor the surfaceof a constanmagnetic
flux. The equationfor the toroidal componentonsistsonly of the toroidal part, and
whenwe insertthe Eq. (2.14)andu = u, + w x R, we obtain,afterperformingthe
rotationoperationandusingV - B = 0:

8 3 KB¢

R(BR@ +BZ£)(&J R

for B = Breg + B,ey + B,e,. Fromthis equatiorfollows, for theaxisymmetrycase,

)=0,

HB¢

B- - =
V(w 7 )=0,
andalongthe magnetidield line a:
B
w— ”_qu = Q(R, z) = Q(a) = const . (2.15)

1Therotationof the poloidalvectorfield givesthetoroidalvectorfield, andvice versa.
2Notethatthetotal velocity u is not parallelto thetotal magnetidield B; becausef atoroidalfield
componenthe plasmacanslide alongthefield in toroidaldirection.
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For the axisymmetrycaseit is V - B = V - B, = 0, andwe canwrite, alongthe
magnetidield line a:

V- (pu) =V - (pkB,) = pk = &(a) = const .

We candefinea magneticflux function
U(R, ) / B,-dA (2.16)

whichis themagnetidlux throughacircle of radiusR, centeredat theaxisof symme-
try. Here,d A is the surfaceelement.

Asthemagnetidield linesof theaxisymmetrianagnetidield encloseéheflux surfaces,
£(¥) = pk is constantalong the correspondindlux surface. If we enterit in the
toroidalcomponenbf Ampereslaw (2.3),we obtain

Lwr=8,) = 0pa) =0

R W P ¢) = Sip\Q) = MF .
It is Ferraros law of isorotation(Ferraro1937),whereQ)r = Qr (V) is theisorotation
parameter which canbeinterpretedfor illustration,astheangularvelocity of thefoot
pointsof thefield linesin thedisk.

Thefollowing two importantconseredquantitiesarethetotal angulatTmomentumand
enepy perunit density which areconseredalongeachmagnetidield line.

In the stationaryaxisymmetriccase the equationof motion (2.2) becomes
1 p
(VxB)xB—(qu)xu=V(;+

1 2
. 5w+ @), (2.17)

with thetoroidalcomponent

L (VxB)x B, = 2u-VWR).

Admp R
This equatiorwe canwrite as
B, V(]Z— — prwR*) = 0.
It follows that RB,
l(a) = Ruy — e (2.18)

where/(a) is the specific(per unit density)angularmomentum consered alongthe
magnetidield line.

Thepoloidalcomponenobf theequationof motion(2.17)will providetheconseration
law for the specificenegy:
1

p L o
m(v X B) x B, = [V(; +olul”+ @)l



Theoretical conjecture 25

Whenwe multiply this equationby B,,, we obtainBernoulliequation:

1 QrRB
e(a)=§u2+%+q>— wad)

(2.19)

alongthe magnetidield line.

2.3 Thecode:ZEUS-3D

In orderto solve the MHD equationsfor a jet formationwe usethe non-relatvistic
ZEUS-3Dcode(Clarke et al. 1994). It is a three-dimensionakhon-relatvistic, ideal
MHD fluid equatiorsolver. Assumeds afluid with acouplingof thematterto themag-
neticfield via collisionswith anionizedcomponentn which achage separatiomever
occurs. Magneticfields are evolved using the constrainedransportmethod(Evans
& Hawley 1988),which guaranteesyithin the machinenumericalprecision,thatno
monopoleswill be generated.For the calculationof the electromotve force andthe
trans\erseLorentzforce,an advancedmethodof characteristic§MOCCT, Hawley &
Stonel995)is used.Theaccurag andstability of the code whenaneffective pressure
is introducedjs ensuredy takingin accounthe effective soundwave propagatiorby
Courant& Friedrichs(1948).

Theequationswvhich original ZEUS-3Dis solvingare:

% LV (pu) =0 (2.20)
) X B
@+p(u-V)u+Vp+pV@—jx =0 (2.21)
B
a——Vx(uxB):O (2.22)
ot
Oe
pla+(U'V)€‘| +p(V-u):0 (223)
For thegaslaw we applieda polytropic equationof state
5
= Ko _Z
p 10 ) ’Y 3

I.e. theinternalenegy (perunit volume)of a systemin our simulationsis not solved
by theenegy equation(2.23),but definedby theinternalenegy

e=——. (2.24)
For jetsit is appropriateo usethe 2D-axisymmetryoption for cylindrical cordinates

(R,0,z). The gravitational potentialis that of a point mass® = —GM/v/ R? + 22
locatedat theorigin.
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In ZEUS-3Dthereis useda staggered mesh,i.e. differentphysicalquantitiesarede-
finedin adifferentgrid positions.Therearethreeintertwinedgrids: scalarge.g. den-
sity, pressureprelocatedat the zonecenter the magneticfields andvelocitiesat the
zonefacesandelectromotveforces(EMFs)alongthezoneedgesf thecomputational
grid cells.

Thisschemayivesthepossibilityto solvetheequationsnvolving gravity exactly, with-
outsofteningof the gravitationalpotential, which couldhave a significanteffectonthe
results(Bell & Lucek1995;0P97).Also, thenumberof interpolationgequiredatthe
zonefaceds reduced.Theinterpolationsareperformedwith thesecond-ordeaccurate
schemeoroposedy vanLeer(1974).

Numerical boundary conditions

The computationabrid of the ZEUS-3D codeconsistof the active zones ,wherethe
equationsaresolvedand,at theboundarie®of the grid, the ghostzoneswherebound-
ary conditionsareprescribedStone& Normanl1992a,bHawley & Stonel995;0P97;
Fendt& Elstner2000, hereaftefr~E00). Theseboundaryconditionsareexplicit equa-
tions which give the valuesof the dependenvariablesin the ghostzonesfrom the
valuesin the active zonesof thegrid.

An “inflow” boundaryconditionmeanghatthe valuesof all the variablesn the ghost
zonesarepredetermine@nddo not changen time.

A “reflecting” boundaryconditionis setwhenall thevariablesexceptthenormalcom-

ponentf velocity aresetequalto the correspondingaluesof theirimagesalongthe

active zones.For the velocity therearetwo ghostzones andthe normalcomponenbf

velocityis setto zeroin thefirst, andreflectedn thesecondyhostzone. Thisboundary
conditionis usede.qg.for settingthe symmetryaxisin cylindrical coordinates.

An “outflow” conditionis setwhentheflow is extrapolatedbeyondthe boundary Al
thevaluesof variablesin theghostzonesaresetequalto the valuesin the correspond-
ing active zones.To handlethe outgoingAlfv énwavesproperly the angularvelocity
andtoroidalmagnetidield areprojected.

Forthesymmetryplanessuchasequatoriaplane implementeds aconditionin which
the velocity is reflected while the normalcomponenbf the magneticfield is contin-
uousandthetangentialcomponentis reflected. The toroidal magneticfield is antire-
flectedat suchaplane.



Chapter 3

Model of MHD jet formation

Oneof thecritical problemsin thetheoryof starformationis thatthe gasfrom which
astarformshasanangulamomentun(perunit massupto amillion timeslargerthan
thatof afinally formedstar This problemalsoemegesin thetheoryof theformation
of therotatingblackholes.

Thepresencef anaccretiondiskin mostof thesesystemdeadsto the conclusiorthat
theexcessangulatmmomentunis shedthroughthe disk by a disk wind.

The viscousdisk theory (Shakura& Suryaer 1973;Lynden-Bell& Pringle1974)is
unableto provide a reasonfor the outflows. If we includethe magneticfield in the
model,the wind mass-lossate needonly be a smallfraction of the accretionrate of
the disk for the transportof the angularmomentumthroughthe disk surfaces. The
gravitational enegy that alsomustbe releasedn accretion transportsoutwardsasa
mechanicaknegy of adisk wind.

The modelevolution of a disk wind into a collimatedjet mustconcernthe interplay
betweenthe accretionin the disk, the ejectionof matterin thejet, the acceleratiorof

matterto high poloidalvelocities,andthe collimationof thewind into a narrav beam.
A numberof studiesof magnetizedetsinitiated by the paperof Blandford& Payne
(1982)(e.g. Camenzindl986;Lovelaceet al. 1987;Heyvaerts& Norman1989;Chi-

uehetal. 1991;Pelletier& Pudritz1992;Li etal. 1992;Contopoulosl995a) focused
mostly on the jet acceleratiorand collimation. However, the questionwhich arethe

requirementgor theaccretiondisk to be a boundaryconditionfor thejet ejection,was

not answered All self-similarsolutionsbeforeFerreira(1997)includedsubstantially
limiting approximations.

In Ferreiras paperthejet is constructedn aself-consistenstationaryapproachtaking
into accounthe feedbaclkof the underlyingdisk. This wasfurtherdevelopedin Casse
& Ferreira(2000a,b). Essentialwasthe inclusion of a dissipatve mechanism- the
magneticdiffusivity — in the disk, so that the mattercould crossthe magneticfield
surfacesandbeejectedoutwards.
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3.1 Self-similar modelsof jet launching

Thetime-dependenHD equationsaretoo complicatedto be solved eitheranalyti-
cally or numericallywithout somesimplifying assumptions.

Thetoroidalcomponentf Ampereslaw (2.3)is

47
(VxB)y = ?M-

Themagnetidlux function(2.16)is, for the axisymmetrianagnetidield (0/0¢ = 0),
ascalarpotentialwhich labelsthe surfacesof constantmagnetidlux. Fromthis scalar
potentialwe canwrite, in cylindrical coordinatesthe poloidal magneticfield B, =
Ile\IJ X e,. Thetoroidalcomponenbf Amperes law we cannow re-writeas

1 4T

RV (—V\IJ) =

R2 c J9
This is the Grad-Shafanov equationandit is a partial differential equationof the
secondrder With theself-similarityassumptiohwe canreducsit to asetof ordinary
differentialequationsandsofind theforce balance.

In the MHD of jet formation,the hydromagnetiequationsaresolved with suchself-
similar ansatZor the magnetidfield: B(R, ¢,0) « r~°/* is setfor axisymmetricflow
from a thin, magnetizeKepleriandisk arounda centralobjectof massM. This as-
sumptionreduceshe mathematicaproblemsconsiderably

3.1.1 Blandford & Paynesolution

In the BP82model,a centrifugallydriven outflow of matterfrom the disk is possible
for the anglesof the poloidal componenf the magneticfield to the disk axis of at
least30°. BP82demonstrateschumericallythatit is possiblefor an outflow to pass
smoothlythroughthe coronanearbythe disk surface,andbestill consideredtold (i.e.
without the pressureandinjectedfrom rest.

Thereis a mechanicabnalogy(Henriksen& Rayhurn 1971),describingthis model.
The magneticfield lines arefrozeninto and corvectedby the disk. Becauseof the
constantangularvelocity onafield line, thegaselementon thefield linesbehaelike
beadson arigid wire. The equipotentiakurfacesof such“beads”,releasedrom rest

at R, and corotatingwith the Keplerianangularvelocity Qx = /(GM/R}) are,in
cylindrical coordinategseeFig. 3.1)

GM l} (E)ZL
Ry [2\Ry VIR? 4 22

The critical angleof the BP82canbe derived analytically (see,e.g. Campbell1997,

®(R,z) = — ] = const .

1Self-similarityimpliesthatall the quantitiesaregiven by a power law of spherical(or cylindrical)
radiusalonga givendirection.
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Figure3.1: Equipotentialsurfacesfor a “beadon a wire” model(adoptedirom BP82). The
dashedine marksthe asymptotdor the surfaceof maginal stability.

§12). Theequationof theline makinganangle: with the disk equatoriablaneis
z=tani(R — Ry) . (3.1)

For a unit vectoralongthe magneticfield s, = cosiRg + sinizq the force per unit
massalongthe poloidalmagnetidield is

d GM GM
L4 Rcosi—i—zsini)—FRcosi.
0

ds ~ (@ + 2R

A forcebalancealongthefield is achieredwhen

Rcosi+zsini_Rcosi
(R2+22)32 R}

In the disk equatorialplane,where R=R, andz=0, this conditionis satisfied but the
stability of the balanceis dependentn . If we assume:/ R, <1 andexpandthelast
equatiorabore andEq. (3.1)to thesecondrderin z/ Ry, we obtain

z

(tan®i + 3)(§) — tani(tan?i — 3)| = 0.
0

z

Ry
Thesolutionin the equatorialplanez=0, andthe solution

z _ tani(tan®i — 3)
Ry  tan?i+3

shawsthatfor :>0 thefield line pointshave z > 0, andthatthereexistsa critical angle
tan—! /3 = 60° for avalidity of thesolution. If 7 is lessor equalto this critical angle,
the equilibrium solutionat z=0 is the only one,andfor the largeri’s, a force balance
couldalsooccurabove thedisk equatoriaplane.
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Thesignof d?i/ds? determineshe stability of theequilibriumpoints. It turnsoutthat
for i>60°, becausef the potentialbarrier the materialin the disk equatorialplane
requiressufficientthermalenepy to exit the potentialwell.

The toroidal componenbf the magneticfield, prevailing at large distancedrom the
disk, collimatestheoutflow perpendiculato thedisk. Farfrom thedisk, thecentrifugal
forcesare not important,and a balancebetweenthe (inwards) hoop stressand the
(outwards)magneticpressuraletermineghe shapeof thefield lines.

Pudritz(1985)proposedhata magneticwind of Blandford& Paynecould extractall
the angularmomentumof the accretedmatter insteadof turbulentviscosity (Pelletier
& Pudritz1992).

3.2 Disk-jet connection: Stationary solutions

Konigl (1989),connectedhejet anddisk dynamicdor thefirst time for bothAGN and
YSOs, matchingthe BP82jet solutionswith inviscid MHD accretionflow solutions.
However, thedisk verticalequilibriumwastreatedonly partially (by settingdu,,/0z =
0 andu, = 0), andthe heatingand radiationwere neglected. Similarly, basedon
theinductionequationof magneticfield alone,wasthe casein Lovelaceetal. (1987)
andWangetal. (1990,1992). They discussedhe electrodynamicef viscougresistve
accretiordisk aroundablackhole,with a self-collimatedelectromagneti¢relatvistic)
jet.

Wardle& Konigl (1993),Ferreira& Pelletier(1993,1995)andLi (1995)alsodirectly
matchedheir solutionsto BP82solutionsjncompletelytreatingthedisk verticalequi-
librium. This preventedthe descriptionof the changeof radial motion of the plasma
(theaccretion)n thediskinto a verticalmotion (theejection).

The solutionwith all the dynamicaltermswasgivenin Ferreira& Pelletier(1995),
andthefinal proof thatthesesolutionscanproducethe superAlfv énic jets wasgiven
in Ferreira(1997). In this approachthe turbulentunderlyingdisk andthe anomalous
transportcoeficientsareassumedThe mattercrosseshemagnetidield linesbecause
of theturbulentmagnetiadiffusivity, andthenlifts above thedisk.

Theequationgyoverningthe behaior of suchsystemarea stationary(d/0t=0) conti-
nuity equation(2.1),theequationof motion(2.2), thetoroidalcomponenbf Faradays
law (2.4) andthediffusionequation(2.9).

We will derive the lasttwo equationgequiredabove. For a stationarycase from the
magnetiadiffusionequation(2.8),

0B
E:O:Vx[uxB—anB] :>77j=%u><B,

with useof Ampereslaw (2.3). Thetoroidalcomponenbf this equationis

. c
Ny = 1 Up X B, . (3.2)
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Thetoroidalcomponentf the stationarydiffusionequations
V x (UpXB¢+U¢XBp):77VX (VXB¢),

andit is possibleto rewrite it as

U 1
v. lﬁV(Rqu)] —v. [E(BWP ~ Byuy)| . (3.3)
A “toroidal” magnetidiffusivity n' isintroducedchere to accounfor apossibleanisotroy
with respectto a “poloidal” diffusivity n (Ferreira& Pelletier 1993, 1995). The
parametrizatiorof 7 is takento be dueto Alfv énic turbulenceof typical correlation
lengthof orderof the disk heightscaleh: n = auy.h, whereu,, = B./,/p and

a~ 1.
The hydrostaticequilibriumin thedisk is maintainedby the magneticdorque
F¢ = ]zBR _jRBz ;

andthelLorentzforceis responsibldor thelifting of theplasmaabovethedisk surface.
In Ferreira& Pelletier(1993b)it is shavn thattheejectionof thematterfrom thediskis
only possiblefor theKepleriandiskif theradialcurrentdensity;jr decreasesgertically
onadisk scaleheight. Thereasornis thatthetorqueFy is negative insidethe disk, and
it hasto becomepositive atthedisk surfaceif it is to provide amagneticacceleration.
In conclusion,the matteris accretedacrossthe magneticfield lines of the diffusive
disk, andthenejectedasadisk wind — seeFig. 3.2.

Thejetsaregovernedby the ejectionindex parametemwhich measure$ocal efficiency
of the corversionof the accretionstreaminto the jet ejection. The disk vertical struc-
tureandtheangulamomentuntransferarefoundto constrairtheinjectionindex, and
it liesin avery narrov range.

Anotherimportantresultin Ferreira(1997)is thatthedisk verticalequilibriumimplies

aminimummassof theejectedet. Also, thejet flow asymptoticoehaior depend®n

theratio (which hasto be<1) of theisorotationparameteto the poloidal Alfv énspeed
attheAlfv énsurface.

3.3 Ciritical surfacesin the outflow

The equationfor the conseration of total enegy per unit massof the MHD flow on
eachmagneticsurface (or alongthe field line) can be derived from the equationof
motion. After the scalarproductof Eq. (2.2) with B,,, Bernoulli equation(2.19)is
obtained.In thiscontext it is referredto asthe wind equation.

The constanspecificangularmomentum(2.18) canbe written as

RB,

E(a) = UJRQ — R

= const = 0, Ra(a)?, (3.4)



32 Model of MHD jet formation
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Figure 3.2: The solutionfor a magnetizedaccretiondisk driving jet (adoptedfrom Ferreira
1997). The plasma(dottedlines) entersat the disk outer edgeand is accretedthroughthe
magnetidield (solid lines). Thediffusionenablegdransitionbetweertheaccretiordisk andthe
idealMHD jet. This occursupto onedisk heightscaleabove thedisk. Higherabove the disk,
the plasmabecomesfrozen” in amagnetidield andthe Lorentzforceaccelerates.

whereR, istheAlfvénradius theleverarmfor thetorqueactingatthefoot pointof the
jet. Fromthis equatiorwe seethat,asacorrotationwith therotorincreasesheangular
momentumof the gas, the toroidal magneticfield mustincreasefor ¢(a) to remain
constant.Thewind (or thejet) canremove theangulamomentunvery efficiently due
to largeleverarm.

Now, with A for theenthaly, Bernoulliequationcanbe written as

1
§u2 +h+®+ Q. (%R — Ruy) = e(a) = const . (3.5)

The contribution dueto the magnetidield is 2. (Q. R4 — Ruy).

Thereis animportantresult, first obtainedby Michel (1969),following from the Eq.
(3.5). For outflowing gasat large distancegrom the source we canneglectthe gravi-
tation,andfind theterminalspeedf the outflow:

Uso = V20, (a)Ra(a) . (3.6)

What happenswith the portion of a gaslifted from the surfaceof the thin, Keplerian
accretiondisk by the centrifugalforce? Thevelocity of the matteris not high, but it is

thenacceleratedy a magneticforces. The propagatingnatterreachesandexceeds,
the speedof the slow magnetosonicthe Alfv én, and the fast magnetosoniavaves.
Notethatthe MHD wavesin the supemrmagnetosonigetscannottravel fasterthanthe
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Figure3.3: Threecritical pointsof theflow. The slov andfastmagnetosonipointsSM and
FM aredepicted andthe pointatthe Alfv énsuriaceA.

fastmagnetosonigvaves. Thisimpliesthatany disturbancdrom theinteractionof the
jetwith theambientmediumcannot influencethefoot point of suchajet.

For apolytropicgaslaw Bernoulliequationpftenreferredto asthewind equationcan
berewritten as

e — u_z_ GM i Q%v MiRi — R2 2_92 Ri _ R2 N CS,O (MA’())Z('y—l)

whereM is the massof the centralobject, M, is the Alfv én Mach number « is the
polytropicindex, andsubscriptO denotessaluesat the foot point of a givenmagnetic
field line. Threecritical pointsfor theflow areshovn in Fig. 3.3. For all the points
where M, = upv/4mp/B,=1 (the Alfv én points),for R=R, thereis no singularity
This determineshe angulamomentuny = Qr R3 atthe Alfvénsurface For the slow
andfastmagnetosonipoint someadditionalconstraintdor the flow arerequiredfor a
regularsolutions(Pelletier& Pudritz1992,their §2.2).

Nearto thedisk, in thedisk cold corona,in which the centrifugalforce dominateshe
gaspressurelocatedis the slow magnetosoni¢SM) point. Thisis theMHD analogof

the sonicpointin the hydrodynamics.The magneticpressurenighly exceedshe gas
pressur@andfarenoughfrom thecentralobject,theeffective gravity vanishesThegas
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is thenacceleratedby the centrifugalandmagnetidorces.

The fastmagnetosoni¢FM) speeds the speedof a wave in the total magneticfield,
not only its poloidal componentaswasin the caseof the Alfv én speed.At the FM
point atoroidalmagnetidield becomestrongenoughto collimatethe outflow.

In Fig. 3.3denotedarethe slow andfastmagnetosonipoints,with the corresponding
radii RSM andRFM.

Projectionsof the Lorentzforce from the Eq. (2.11) paralleland perpendiculato the
poloidal magneticsurfacesare helpful to describethe outflow dynamics. The to-
tal poloidal currentflowing within the surfacesis equalto I(R,z) = [j, - dA =
—cRB,/2 andthecomponentare(Ferreiral997):

B,

F=jixBy=—3 %V|1,
. ) B
FLJ_EJH XB:Bp,](ﬁ_ﬁVJ_I; (37)
B
Fry= o RVH

In theseequationsg, = cV(RBy)/(47R) x e, is thepoloidalelectriccurrent,V| =
(By,-V)/B,andV = (V¥ -V)/|V¥|. Crossingof thecurrentthroughthe poloidal
magneticsurface accelerateshe plasma(V I > 0). In a consequencea poloidal
F; magneticforce is produced,and a centrifugalforce is producedvia the toroidal
magnetidield.

Foravanishingcurrent/, thereis nomagneticaccelerationThesamads for thecurrent
flow parallelto themagneticsurface.

3.4 Massflow ratesin jet-disk system

Whatarethe massaccretionratesin thedisk andin the outflow, andhow muchof the
disk angularTmomentunis extracted?

Thewind masdlow ratethrougha circle of radiusR we canobtain,for the surfacesof
the constanimagnetidlux ¥ (R, z) definedin Eq. (2.16):

. R , , \Il \I{ 1 a\I[
Mw(R) = / pu2r R dR' = (pup = %BP = pu, = 54&2@@)

5( ) 1 oV ! 1! E / dMW _ f(\Il)a_\Il
/0 A7 R’&R’Q mRAR = / 2 6R’dR "dR ~ 2 OR
. _ O My

If thedisk containssufficientmagnetidlux for theviscosityto becomeunimportanin
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theangulatTmomentumequation

RB,B,

V- (pupr2 m—

) = VTvisc ,
wherer,is is theviscoustorquein thedisk (the (R, ) componenbdf thestress-engly
tensor) we canintegrateit vertically over z:

1
—i(REuRwRQ)— Li R

2 RS
R dR = IR dR(R BrBy)|,=0 + Qﬂ-BZ(R’ h)Bs(R, h) . (3.9)
It is the angularmomentumequationfor the disk undera wind torque. The height
abovethedisk equatoiis h, andX is thedisk surfacedensity At thedisk equatoythere
is no radialangularmomentuntransportandwe canignorethefirst termon theright
handside.

For theaccretiorratethroughthe disk M, = —2r RXuy we obtain

. d(wR?)  _dMy ) B
M,= B + 20 (2wR; — (¥)) =0. (3.10)

For the Alfv énsurfacefar from thedisk, Ra (Ry) > Ry and/(¥) > wR2.

From this equationwe seethe intrinsic linking of the wind massloss and the disk
accretiorrate.

Theaccretionprocessneanghetransporiof theangularmomentunmfrom the system.
In the disk-jet paradigm,this transportis accomplishedhroughfastandwell colli-
matedoutflovs (thejets). Theidea,statecby BP82;Pudritz& Norman(1986);Konigl
(1989)is simple: The rateat which the angularmomentumis removedfrom the disk
is
. 1 i

Jace = inQMaCC : (3.11)

where M, is the accretionrate throughthe disk. The angularmomentumcarried

away by adiskwind is ' '
Jw = MwwR% | (3.12)

whereMyy is themassossratein thewind, w is thelocal angularvelocity, and R is
thelocal Alfv énradius.

For all theangulatTmomentunremoved by the wind, we would obtain

My _ 1 ( It )2 . (3.13)

Mue 2 \Ra
Fromthis equationit followsthatfor R, ~10R only lessthan1% of theaccretednass
is enoughfor the accretionprocesgo be effective enoughfor removal of the excessof
the angularmomentumfrom the system.Suchmasslosscomplieswith the obsered
ones.
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3.5 MHD of jet formation

Astrophysicaljets are definitely not stationaryobjects. Although the large-scaleap-
pearancef ajet is static,the jet propagatioris fast. And therearefastmoving knots
inside,co-moving with the jet. Also, if thedynamicsduring theinitiation of the out-
flow is to be investigatedthe time-dependenéquationanustbe solved. Becauseof
the complity of the MHD equationsthe only currentlyeffective tool arenumerical
MHD simulations.

In generalnumericalsimulationsof magnetizedaxisymmetricoutflows from the ac-
cretiondiskscanbedevidedinto two approachesThefirst includesthedisk dynamics,
andthesecondloesnot.

3.5.1 MHD simulations of disk andjet

Uchida& Shibata(1985)andShibata& Uchida(1985,1986)performedthe first nu-
mericalsimulationsof therotatinggaseousliskin alarge-scalenagnetidield. In their
“sweepingmagnetiawist mechanism”fwisting of the magnetidield linesbecausef
the disk rotation accelerateshe outflow (by the Lorentzforce) perpendiculato the
disk planes. In differenceto the BP82 mechanismthe acceleratioris not magneto-
centrifugal,but causednainly by the magnetigressurgradient(Contopoulosl994).

Their resultswereconfirmedby computationsisingthe ZEUS codeby Stone& Nor-
man(1994b).They alsodiscussedherelationbetweerthe magnetidorakingandmag-
netorotationainstability (MRI, Balbus& Hawley, 1991).

Thediffusive accretiondiskin interactionwith a stellardipolaratmospherevasinves-
tigatedin the simulationsby Hayashiet al. (1996); Miller & Stone(1997); Goodson
etal. (1997); Kuwabaraet al. (2000). As a generalfeature,all shovedthattheinner
disk collapsesaftera few rotations,andthatfrom the outerpartsof the disk wind the
plasmoidsareepisodicallyejected.

The outflows were collimated perpendicularto the disk, but the numericalreasons
preventedperformingof the simulationsfor longerthanfew tensof Keplerianperiods
atthe innerdisk radius. Therefore the collimation could be influencedby the initial
and boundaryconditions. The failuresof the disk simulationswere causedby the
simplifying assumption®f the models,e.g. anassumptiorof a constandiffusivity in
adisk andits coronais probablynot veryrealistic.

In Casse& Keppenq2002)the diffusivity is only effective inside the disk, andthe
constantquasi-stationargjectionof matteris reachedwithin the severaltensof dy-
namicaldisk timescales.
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3.5.2 The accretion disk asa boundary condition

A highly instructive approaclcamefrom Ustyugora et al. (1995). It is suggestedhat
for the MHD simulationsof a jet formationit is sufficient to treatthe accretiondisk
asaboundarycondition. With this boundarycondition,the magneticflux distribution
andthemassnflow into thedisk coronaaredefined withoutinclusionof thediskinto
thecomputations.

This simplification,whenthe disk evolution is not computed makeslong-lastingnu-

merical simulationspossible,up to hundredsof Keplerianperiodsof the disk, after

which a steadystatesolutionscould appear In Romanea et al. (1997)the stationary
stateof a collimatedflow hasbeenreachedafterhundredKeplerianperiods.

Ouyed& Pudritz(OP97)simulationswith a potentialfield anda hydrostaticdensity

distribution astheinitial conditions,resultedin a collimateddisk wind after 400 disk

rotations.The gasis acceleratedandthencollimateddueto the pinchforce generated
by the outflow. Resultingstationaryoutflows have mary similaritiesto a stationary
disk wind models. A similar resultis obtainedalsoin Krasnopolsk et al. (1999),

wherethe magneticfield directionis not consered any more during the simulation,

but only thedisk magnetidlux (alsothe casein Ustyugovaetal. 1995).

Thejet stabilityin three-dimensionaimulationss investigatedn Ouyedetal. (2003).
In the samepaperprevious two-dimensionalsimulations(OP97, Ouyed & Pudritz
1997b)areverified. The mechanisnof jet acceleratiorshowvs to be identicalin both
setsof simulations but only up to the Alfv énsurfaceof the outflow, afterwhich non-
axisymmetricKelvin-Helmholzinstability takes place. However, the jet maintains
long-termstability througha self-limiting processn which theaverageAlfv énicMach
numberwithin thejet remainsof the orderof unity.

Presenbbsenationsstill fail to provide usinformationsaboutthe interior of the disk

aroundthe youngstellarobjects. Numericalsimulationsare, therefore still the only

way to try to understandhe processesvhich form the jets. However, in our present
simulationswe caninvestigateonly the smallportionof thewhole system(Fig. 3.4).

3.6 Collimation by poloidal magneticfield

Thetoroidalcomponenbf themagnetidield is essentiafor a collimationandacceler
ationof thejetsdescribedabove. The“hoop stress’(thetensionof the partof the flow
which stopscorrotatingwith the disk, andaddsloopsof the toroidal field to the flow
for eachrotationof thefoot point of thefield line anchoredn the disk) collimatesthe
flow.

Spruitetal. (1997)amuethetoroidalfields developingin a magneticallyaccelerated
jet are sufficiently unstablenot to be ableto contribute muchto the collimation. As
noticede.g.in the plasmaconfinementevices(Batemanl980),thetoroidalfieldsare
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Figure3.4: The scalesof numericalsimulationsandobserations. Still only the very interior
part of the system,hiddenfrom usin presentobsenations, could be simulated. The small
white box is the region inside the dustdisk aroundthe young stellar objectHH30 which we
caninvestigatein our simulations. Creditsfor the top panelimage: C. Burrows, the WFPC2
InvestigationDefinition TeamandNASA.

highly unstableo non-axisymmetrignstabilities(kink instability). Theseinstabilities
aretheresultof the free enegy Bg in the toroidal field (Tayler 1980; Pitts & Tayler
1985). If thejet collimationis dueto thetoroidalfield, this instability directly affects
it (Eichler1993). Thetoroidalmagneticfield decayandtheinternalpressurdouild-up
dueto thekink instability could decollimatethe outflow.

Thecollimationof thejet is thendueto the magnetigoressurdecaus®f the poloidal
field of the disk, andis dependenbn the ratio of the outerto inner disk radius. This
ratio introduceghecharacteristidistancecalledthe collimationdistance whichis of
theorderof thedisk radiusor less,andbeyondwhich thejet is fully ballisticandonly
weaklymagnetic.
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Theinitial field of the disk shouldbe B ~ R~*, with  ~ 1.3 (Spruitetal. 1997). It
couldbethefield internallygeneratedy somedynamoprocessr capturednterstellar
magneticfield, andits strengthis likely to decreaseutwardsfrom the centreof the
disk. In thecaseof thedynamo-generatefield, theenegy densityof thefield saturates
atsomefractionof thegaspressuréBrandenirg etal. 1995,Gammie& Balbus1994).
In anothercase,a compressiorby the accretionflow increaseghe field towardsthe
centreof thedisk.

In Chapterb we testedthis alternatve modelby numericalsimulationswith the disk

asaboundarycondition.We foundthatlaunchingof thejet occursindeed,f accesso

someadditionalsourceof enepgy is assumedi.e. for ahotcorona).For thesimulations
with acolddisk coronathe outflovswerealwaysdispersedn aradialdirection,in our
setup.
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Chapter 4

Resistve MHD simulations of
astrophysical jet formation

Obsenationsclearlyshav thatastrophysicajets arenot stationaryfeatures However,
the knotsinsidethe jet move in the otherwisestablelarge-scalget structure,andthe
formation of knotsis not necessarilydirectly relatedto the jet formation. Also, a
globalsolutionfor the magnetiget, with the magnetidfield distribution from thevery
origin of the outflow (a staror disk) to theasymptotiget, is at presenpossibleonly in
stationaryMHD models.

Such models, however, include substantiallysimplifying assumptiondo avoid the
mathematicatomplicationof MHD, connectedvith theinteractionbetweerthemag-
netic field and matter Therefore,with the presentcomputationalpower andits fast
advance,a time-dependenapproachprovidesthe mostpromisingmethodfor study-
ing the MHD outflows. Someof the problems,asthe questionof a self-collimation
of MHD jets, may be answeredy axisymmetricsimulations,and somemay require
three-dimensionaimulationsfor thecompleteansweye.g.thejet launchingfrom the
turbulentaccretiondisk. A caveatis that the spatialscaleinvestigatedn numerical
simulationss still far below the obseredglobaljet scale.

Protostellarjets most probablyoriginatein the turbulent accretiondisk surrounding
youngstellarobjects.In our approactwe assumehattheturbulentpatternin thedisk
alsoentersthe disk coronaandthe jet, andwe modelthe turbulenceby the magnetic
diffusivity.

The projectof this thesishasbeensolving the jet formationproblemin two steps:to

performaresistiveMHD simulationsof thejet formation,propagatiorandcollimation

with adiskasaboundarycondition(Fendt& Cemeljc 2002;presenthapter)andthen
to includearesistive disk in the computationabox (CemeljE & Fendt2004; Chapter
6 here).

41
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Figure4.1: Schematiiew of themodel. Above andunderthediskis adisk coronawith the
jet propagatingn bothdirectionsalongthe magneticfield lines.
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Figure4.2: Linesin the ZEUS-3D codewherethe appropriatecomponenbf thenj is sub-
tractedfrom theEMFL1.

4.1 Magnetic jet from accretion disk

We investigatedhe jet launchedfrom a resistve, turbulent accretiondisk arounda
youngstellarobject. Onemay expectthatthe turbulencepatternin the disk may also
enterthe disk corona,andthatthe jet flow itself is subjectto a turbulentdiffusion. A

sketchof the modelis givenin Fig. 4.1. In this chapterthe accretiondisk is takenas
a boundarycondition. i.e. the disk evolution is not considered. This modelsetup
is similar to the modelsin OP97andFEOQO,with the differencethat herethe effect of

magneticdiffusion for the jet formationis taken into account. The equationsof the
resistve MHD aresolvedusingthe ZEUS-3Dcodein the axisymmetryoption.

4.1.1 Resistve MHD simulations

In the original versionof ZEUS-3D the magneticdiffusivity is not included,so we
includedit and performedthe tests- theseare presentedn the Appendixof Fendt&
Cemeljic (2002),whichis copiedin the Appendixof this thesis.

As notedin Hawley & Stone(1995), additionof a magneticdiffusivity n in ZEUS-
3D canbe accomplishedby subtracting;j from the appropriateEMFs. Theresistve
timescalealsomustbe properlyincludedin the code(Flemingetal. 2000).In Fig.4.2
shawn is the part of the codewith the changedcomponenbf the EMF. This means
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thatinsteadof equationg2.21),(2.22)and(2.23)we have:

0  x B
p[a—’t‘ﬂu-wu]+V(p+pA)+pV<1>—%=o (4.1)
8—B—Vx(uxB—41nj)=o 4.2)
ot c
Oe A7
pla—i-(u-V)e] +(p+pa)(V-u) —57732:0. (4.3)

As pointedoutin §2.3,we do not solve the enegy equation but prescribethe internal
enepgy by the Eq.(2.24). The simplification of not-solvingthe enegy equationis not
expectedto affect the results,asthe resistve termin the enegy equationenterswith
thefactor1/c? (seealsoMiller & Stonel997),andis negligible.

Additional to the hydrostatiqoressure, an Alfv énicturbulentpressure

pa = p/Br, with B = const

is includedin the equationgor our simulations(seeOP97,FEQO, Fendt& éemelji’:
2002). Here gt is the betaplasmaparameterfor the turbulent fluid. The Alfv énic
turbulentpressure, = |§B|?/81 canbeestimatedrom thetime-averageof a fluctu-
ating Lorentzforce (V x ¢ B) x 6 B/4x. Suchdisturbancepropagateadiabatically
conservinghe wave action(Dewar 1970). A radiationstresson the backgroundiluid
behaesasanisotropicwave pressures .

The Alfv énwavesfrom the highly turbulentaccretiondisk are expectedto propagate
into the disk corona,providing the perturbationdor turbulent motion alsoin the jet.
Additional Alfv énic turbulent pressurecould supportthe cold coronaabove a proto-
stellaraccretiondisk, assuggestedby the obsenations(OP97).

Normalization in the code

TheZEUS-3DcodesolvestheMHD equationsn adimensionlesform. Thevariables
normalizethe systemof equationsandboundaryconditionsto their valuemeasureét
theinnerdiskradiusk;. Therefore,R' = R/R;, 2’ = z/R;, andthetime is measured
in units of a Keplerianrotationat the innerdisk radius. This givest; = R;/uk;, with
adimensionlessime 7 = t/t; = tux;/Ri. Hereux; = /GM/R; is the Keplerian
speedattheinnerboundaryof the disk. Thenumberof rotationsof thedisk alsorefers
to thediskinnerradius.As we chooseR;=1 anduk ;=1, in our normalizationGM=1.

Thedimensionlesgquationof motionis

ou/ D oon g 23 x B V(Y +p))
o TV == 5.0

with V' = RV, o' = p/pi;, B = B/B; and®' = —1/v/R"? + 2”2,

~V'e, (4.4)
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Table4.1: Thescalingunitsfor thejets. Adoptedfrom OP97.
OBJECT R; ux ; Km/s ti = Q (days)
M/0.5Mg (R;/0.05AU)3/2
YSOs 3R, 104, /71% 0.05A07 0.867\/m
3/2
AGN (pc) | 10Rg=10"* + M/(10°My) | 6.7 x 10%/25% | 053 x (- ) (*5=)

Table4.2: An exampleof usualvalues.Adoptedfrom OP97.

OBJECT | Mass(Mg) | R; (AU) | uk; (km/s) | t (days)
Protostar 0.5 0.04 120 0.6
Black hole 1068 20.6 6.7x 10! 0.53

Furtherin this chaptermprimeswill be omittedwhenwe referto the equationsactually
solvedin numericalsimulations.

Thefreeparameteps; = 87p;/ B is theplasmag of therotatinggas,andthegasMach
numbers; = piu%(,i/pi is alsoafree parametem the simulations.

As we usea dimensionlessorm of the MHD equationsthe physicalquantitiesare
givenin units of their valuesat the innerradiusof the accretiondisk R;, andwe may
scaleourresultsto acentralobjectof any mass.Thetable4.1presentshetableof units
for the caseof protostellar(YSOs) objectsand active galacticnuclei (AGN). R, =
2G M/ is the Schvarzschildradius,andwithin the fiducial radius10R, relatiistic
effectscanbengylected.In the Table4.2 presenteds anexample.

4.1.2 Initial and boundary conditions

In Fig. 4.3shavnis thecomputationaboxin oursimulations.Thediskis prescribedis
afixed,time-independerttoundaryconditionfor thejet. It isin thecentrifugalbalance
andpenetratedby aforce-freemagnetidield, definedby thecurrent-fregotentialfield

configurationof the ¢p-componenof the vectorpotential,

For this vectorpotentialit is

\/R2 + (za +2)%2 — (24 + 2)
Ay = 7 .
8A¢, 1 Zqgt+ 2
Brp=———"= 1-—-
" 0z R ( \/R2 zd—|-z
1 0(RAy) 1
B, =<
R 0z \/R2 (2a + 2)?

) 1/2
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Figure4.3: Computationabox in the simulations.An initial poloidal magneticfield threads
the disk corona. The disk is a boundarycondition,with the “inflow” boundaryconditionde-
finedatits surface.

Thedimensionlesslisk thicknessz, satisfying(zq + 2) > 0 for z < 0 is introduced.
The initial coronaldensitydistribution is in a hydrostaticequilibrium, p = (R? +
z?)~3/%, Theinitial coronais definedby two free parametersg; and 5;.  The total
pressurave assumedo be composeaf thethermalandAlfvenicturbulentterms,

pP—=p+Dpa.

For thethermalatmospheré ahydrostaticequilibrium(see§3.3.1in OP97) thegrav-
ity is balancedy the gaspressureandthe momentumequation(4.1)is, for theforce-
freeconfigurationin theinitial setup reducedo:

Yorpa) 4 gg—g.

With h = vp/(y — 1) p asthedimensionlesgnthally we canwrite, now in thedimen-
sionlesgorm, following from the Eq. (4.4):

g + ® = const . (4.5)

With @, = 0 andp = ps
1/(v=1)
’Y —_ 1 GM51 + p’yil
v VR2+22 %

andfor p = p; at R = R; andG M =1 we obtainthe constraint

2
Y -1 v 5 _ Uk, 5
bi=——1-p") = bi=——=-=—> fory=-.  (4.6)
7—1( ) y=1 2 pi/p 3
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This valueis too smallfor the cold coronacase(OP97),andbesideghe thermalpres-
surean additionalterm is neededo provide the equilibrium (see§4.1.1 here). The
effectiveenthally is, with gt = ¢2/u%,

1
heg = (¢ + ut) = (H—) cl,
Br

andtheequilibriumequationis thesameaskg. (4.5)with 4 = h.s. Thecorresponding
Alfv énturbulencevelocity ur = § B/\/47wp. Thesolutionis

1/(v—1)
[prem s |
v VR?4+ 221+ ﬂLT *

For p,, = 0 andG M =1 we obtain

Br = (7—_151 _ 1>_ . (4.7)
5

The disk asa boundaryconditionis time-independent.e. the initial potentialfield

magneticflux from the disk is considered.The toroidal componenif the magnetic
field in the ghostzones(z < 0) is choseras B,(z < 0) = i/ R, wherey; is another
free parameter The massflow rate from the disk surfaceinto the coronais defined
by the injection velocity andthe densityof the injectedmaterial. With the launching
angle®y (R, z = 0), which is measuredrom the jet axis (seeFig. 4.4), the velocity
field in theghostzoneis u = (ug, ug, u,) = winj(up sin O, uk, u, cos Og) for R > 1,

with u;,,; asafreeparameter

In thesecondpartof §3.1.1is givenananalyticalderivationfor the Blandford& Payne
critical angleatwhich themattercouldleave thedisk surfaceby actionof the centrifu-
galforce. Our setupfor thelaunchingangleis choserto matchit.

For R < 1 theinflow velocityis setto zero;this definegheinneredgeof thedisk. The
inflow densityis givenaspq = k;R~%/2, with x; asafree parameter Thediskin 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, and alongtwo re-
maining boundariesan “outflow” conditionis set. The flow is extrapolatedbeyond
theboundaryi.e. in the ghostzonesall the variablesare setequalto the valuesin the
correspondin@ctive zones.

Fig. 4.5 shawvs theinitial setupof a hydrostaticdensitydistribution togethemwith the
potentialmagneticfield for the part of the computationabox closeto the origin (the
region of the“inner jet”). Thefreeparameters thesimulationsare: §;=100,x;=100,
wi=-1.0,andu;,;=0.001. The choiceis by OP97andFEOOfor reason®f comparison.
For the plasmag we chose3,=0.282 (similar to OP9%) or a lower value 5;=0.141

1SeealsoAppendixA in FE0O. Thefactorv/4r appeardecausef thechoiceof B/=B;v/4m, which
is necessaryf we areto write ; in aform correspondingo the plasmags.
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Figure4.4: Thelaunchingangleat the disk surface,measuredrom thejet axis.
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Figure4.5: Initial setupfor the jet simulation. Shawvn is the part of the computationabox
closeto theorigin (the“inner jet”). Theinitial hydrostaticdensitydistribution is indicatedby
thin concentricisocontours. Thidk lines denotethe initial poloidal field lines of a force-free
potentialfield.

which has somenumericaladwantages. The lower 3; doesnot changethe general
behaior of thejet. Thejet evolutionis fasterandthe Alfv €nsurfaceis slightly shifted
in the z-direction, but the jet structureremainssimilar. For a constanparametesr,
which measuresheratio of thethermalto the MHD turbulentvelocitiesin the corona
(seeabove), ps scaleswith the gaspressure. Solution of the equilibrium equation
impliesEq. (4.7),i.e. 57=0.03.
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4.1.3 Turbulent magneticdiffusivity

If we chosetheturbulentvelocity field ur insteadof thelocal Alfv énspeedasa typ-
ical velocity for the turbulent diffusivity, it is possibleto definea turbulent magnetic
diffusivity nr,

Nt = QmurL . (4.8)

With 8t = (¢s/ut)? andc? = ~p/p for an adiabaticor polytropic gaslaw, we can
write

2 7D
Up = ———.
T Brp
In the normalizedequationst is
12 pl cg,i 1 12 ry—1 Y (4 9)
Up == -, or Up =p 7 " .
Ty U%{,i b B diPr

For our valuesfr+=0.03andé; ~100,with atypical valuefor the normalizeddensity
o' ~ 102, thenormalizedmagnetiadiffusivity is

L/
"~ 0.01 (oz_m> — .
= 001557 ) \ 10

The diffusivity changesonly weakly with the density n ~ p/3, andthis is a good
estimatefor the magnetiadiffusion.

We introducedandtestedthe magneticdiffusivity in ZEUS-3D (see§4.1.1). A self-
consistentsimulationwould include a relation betweenthe diffusion and densityas
in equation(4.9). For simplicity, in the simulationspresentedhere,n = const. For a
comparisonthesimulationswith  ~ p'/3 setupwererun,andnosignificantdifference
hasbeenobsenred.

4.2 Computational grid

As alreadymentionedin §2.3, the numericalmeshof ZEUS-3Dis a staggeredyrid,
wheredifferentphysicalquantitiesare definedin a differentgrid positions. Oneref-
erenceset of global simulationswe performedwith the high resolutionruns. The
numericalmeshwas(900 x 200) grid points,in thedomain(zxR)=(280x40)R..

In orderto investigatethe effects which concernonly the grossbehaior of the jet
flow andnot its structurein detail, anothersetof simulationswith lower resolution
hasbeendone. Therethe numericalmeshwas (280x80) grid points,in the domain
(zxR)=(140x40)R..

Theselower resolutionsimulations(with the computationaldomainfor a factor 2
shorterin the direction of propagation)were much fasterto compute,and allowed
to follow thejet evolution for avery long time (up to 4000disk rotations),evenin the
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caseof a high magnetiadiffusivity. All otherparametersverethe sameasfor thehigh
resolutionruns.

Thereweresomenumericalartifacts(a spuriousvelocity pattern)in the cornersof the
grid wherethe outfloiw boundaryconditionsinteractswith the other(inflow, reflecting)
boundaryconditions but aswe mainly concentrat@n theinnerpartof thejet flow, the
resultsarenot affectedby theseeffects.

4.3 The jet evolution

We performedthe simulationswith differentnumericalresolutionsandtopicsof in-
terestwere:

i) The“global jet”, in domainsof differentphysicalsizein orderto investigatehe
influenceof boundariesandto obtainaninformationaboutthe large-scalelow,
and

i) The“inner jet”, wherewe investigatedhe inner substructuref the global jet,
closeto thejet axisandtheaccretiondisk.

We wereinterestedn the caseof atypical MHD jet flow startingasa sub-Alfvénic
(but superslow magnetosonicflow from the disk surface beingacceleratedo super
Alfv énicandsuperfastmagnetosonispeed.Thereexists anothercase wherematter
is injectedinto the disk coronaalreadywith superAlfv énic speed. It appliesfor a
relatively weak disk poloidal magneticfield, asfor examplein the caseof a central
dipolarfield with astronggradientin aradialdirection. Thesewindsareinitially driven
by the (toroidal) magneticfield pressurggradientin a vertical direction (Lovelaceet
al. 1987;Contopoulosl 994;FEQ0).

A positionof the Alfv én surfacechangeauntil the quasi-stationargtate(seebelow)
is reached.This surfacemay adwanceinto the disk for small radii, andthe character
of the MHD flow is thenchanged.For a smallerthanmoderatemagneticdiffusivity
(n < 0.5), the locationof the Alfv én surfaceis alwayswithin the active zones,well
abovetheaccretiordisk boundary Theinitially superAlfv énicjetswe donotconsider
here(seeContopoulosl995h).

The differentspeedof the large-scaleflows with and without the magneticdiffusion
includedis shavn in Fig. 4.6. With increasingdiffusivity, the bow shockpropagates
slower. Beforethe build-up of the bow shock,the disk coronahydrostaticequilib-
rium is slightly modified by the propagationof the torsional Alfv én wave from the
disk surface. Behindthe bow shock,thereremainsa cavity with dilute densityand
high velocity. Thetoroidalmagneticfield is initially generatediueto the differential
rotationbetweertherotatingdisk andthe staticcoronabut laterit is dueto theinertial
forcesof the matterin the MHD flow. Theinternalstructureof the jet behindthe bow
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Figure4.6: Globalevolutionof thejetin thedomain(Z x R)=(280x 40)R; with aresolutionof
(900x 200)grid elementsShowvn is thestateof evolution aftert=400rotationsof thediskinner
radiusfor differentmagnetiadiffusivity, n=0 (top), n=0.01(middlg, andn=0.1 (bottor). Thin
lines denote30 logarithmically spacedsocontoursof density Thid lines denote20 linearly
spacedmagneticflux suriaces(or poloidalfield lines). The parametersre 6;=100, x;=100,
wi=-1.0, £;=0.282,and u;»;=0.001. Note the presered initial hydrostaticdensityandforce-
freefield distribution in front of the bow shock. The figure demonstratethatthe bow shock
adwancesslower with increasingliffusivity.
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Figure4.7: The evolution of the inner jet approacheshe quasi-stationargtate. Shavn are
poloidal magneticfield linesin the caseof n=0.1for differenttime steps,t=250,300,350,400
(thick solid, thin solid, dashedanddottedlines). The samesetupasin the simulationin Fig.
4.6, exceptthatnow 3;=0.141.Thegrid sizeis (280 x 80) grid elementsn thedomain(140x
40)R;. Thepictureshavs how the poloidalmagnetidield linesdiffuseoutwardsbut approacta
(quasi)-stationargtateafter 400rotations(seethe dashedanddottedlines almostcoinciding).

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

The patterninside the jet, the blobsor knots which is mostprominentin the ideal-
MHD jet, is not connectedvith the jet knotsobseredin protostellajets. The sizeof
these'knots” is abouttheinnerdisk radius,anddepend$rom thenumericalresolution
andthe massinflow condition. The time scaleof knot formationin our simulations,
asit is for similar structuresn OP97,Goodsonet al. (1997; 1999) and Goodson&
Winglee (1999), also supportsthe conclusionthat they are purely numericaleffect.
For theresistiejets,this structurds significantlysmoothedlreadyfor alow magnetic
diffusivity.

4.3.1 Evolution of the inner jet

Now we will discussthe evolution of the inner substructuref the global jet closeto
thejet axisandthe accretiondisk. The sizeof the “inner jet” domainis (60 x 20) R;.
This partof the jet is chosenasnot influencedfrom ary outflow boundarycondition
or the jet evolution in a global scale. As a major part of the global jet is superfast-
magnetosonicthereis no physicalway to transportan informationfrom this partin
upstreandirectioninto theinnerjet.
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Figure4.8: Thede-collimationof the stationarystatepoloidal magnetidield dueto magnetic
diffusivity. The samesetupasin Fig. 4.7. Thelinesrepresenthe poloidalmagnetidfield line

distribution of theinnerjet in the stateof quasi-stationarityt = 400), for vanishingdiffusivity

n = 0 (thick) andfor n = 0.1 (thin).
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Figure 4.9: Comparisonof the poloidal velocity vectors. Shavn are the poloidal velocity

vectorsatthetime of quasi-stationarityOver-plot of thevelocityfield for then=0 simulationat

t=350with then=0.1simulationat¢=400. The de-collimationvisible in the poloidalmagnetic
field lines (seeFig. 4.8) is not presenthere. The thick line indicatesthe Alfv én surfacefor

1n=0.1,andthethin line thefast-magnetosongurface.

4.3.2 Quasi-stationarity of inner jet

Fig. 4.8 shavs an over-plot of the poloidal magneticfield lines resultingfrom the
simulationsat the time stepsof t = 250, 300, 350, 400 disk rotations,respectiely,
in the caseof relatively large magneticdiffusion n=0.1. The field lines first diffuse
outwardsandthen, after hundredsof rotations,the field distribution approacheshe
guasi-stationargtate.

The outflow evolved into a stationarystateafter several hundredsof disk rotations,
closeto thedisk surface.Sucha stationarystateis denotedasquasi-stationary asthe
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Figure 4.10: Magneticdiffusivity and global time scales. Left Global magneticReynolds
numberasdefinedfrom the scaleof the computationabox of theinnerjet L = 20,U = U,.
Shawn is the Ry,-profile alongslicesin z-directionat R = 7,13, 20 (solid, dotted,dashedine,
respectiely), for the simulationrun with = 0.1, g = 0.141. The plots basicallyshavs
the variationof the typical velocity U, for which thelocal Alfv én speeds chosen.Right The
time of stationarity This plot shaws, for differentmagneticdiffusivity, the time periodwhen
theinnerjet reaches quasi-stationargtate. This time is estimatedrom the evolution of the
poloidalmagnetidield lines (seeFig. 4.8) andthe errorbarsindicateour uncertainty

outerregionssurroundinghis inner jet flow still evolve in time. Existenceof sucha
stategivesthe possibility for investigationof theinternalforcesactingin thejet, since
the equationf stationaryideal MHD andits conserationlaws may be usedfor the
interpretatiorof ajet flow.

In the caseof anideal MHD jet a stationarystateof theinnerjet is reachedafter ap-
proximately¢t=350 disk rotations. For a resistve jet this can be quite different,and
it alsodependsn the plasma-betgparametes;. In fact,the existenceof suchquasi-
stationarystateis not necessarilyexpectedin the computationsvith the magneticdif-
fusionincluded. The magneticfield could just decayforever. However, in the setup
as presentedfor the magneticdiffusion vanishingor not, we have an enegy reser
voir establishedconstantlyby the disk rotation and accretion,and eventually by the
gravitational potentialof the centralstar A lossof magneticenegy in the jet canbe
replenishedy the constanPoynting flux rising from the disk. This mechanisnworks
in the caseof anideal MHD jet (wherethejet carriesthe enegy out of the computa-
tional box), andthe additionaleffect dueto magneticdiffusivity is smallcomparedo
thetotal enegy flow in thejet.

In general,our simulationsshov that with increasingn the flow reacheghe quasi-
stationarystateat a later time. For a smallerthanmoderatanagneticdiffusivity (n <
0.5), we find an approximatelylinear relation betweenthis time and the diffusivity
(Fig. 4.10).
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Table4.3: Thetypical numberdor our simulationsfor a differentmagneticdiffusivity . The
diffusive time stepr;,, Alfvéntime stepr,, the globalmagneticReynoldsnumberR,, andthe
magnetidurbulenceparametety, .

U Tn TA Rm A
0 oo | 0.258| oo 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 thenn=0.5, the Alfv én surfacehasbeenadwancedinto the disk
for smallradii andthe MHD flow wasalreadyinitially superAlfv énic. However, we
shavedherethetime of quasi-stationargtatefor thesecasedoo, for completenesdn
Fig. 4.10is plottedthe variationof the magneticReynoldsnumberR,,, alongthejetin
thecasen = 0.1. As R,, doesnot changealongthe jet by morethana factorof two
(thisis similar for otherdiffusivity), this valueprovidesa goodestimatefor the global
jet dynamicalbehavior.

For the time whenthe flow reachedhe quasi-stationargtate we tablethe local time
stepof the magneticdiffusion andthe Alfv éntime step,togetherwith the global R,
andtherelateda,,. A “typical” valuefor the Alfv énspeedwithin thegrid of theinner
jet couldbechosenpecaus®f theminor variationin R,,.

In additionto thediffusive time scale therearethreeotherimportantinitial timescales
atthe disk surface: the Keplertime 7k, the Alfv éntime 7, andthe magneticbraking

time 752
R t R
TK =min (—) , TA=min (—A) =min (—)
UK li ua

. (tB> . ( R >
Tg=min ( — ) =min (7,— ) =mn X Ta .
t; UAQ

For thesetimescalesn our simulationswith min (7 )=1 atR=1:

(s, 7a, T8) = (1, \/&51/2, 771\/5151/2) .

4.3.3 Jetvelocity and collimation

The velocity anddegreeof collimation of ajet aredirectly obsenablequantities,and
thusthe mostinteresting.

2The time a torsionalwave propagatingnto the ambientmediumneedsto traversean amountof
matterwhosemomentof inertiaequalamomentof inertiaof thedisk (Mouschwias& Paleologoul 980).
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Figure4.11:Variationof thejet velocityandmagnetidield with differentmagnetidiffusivity,

n = 0 (solid), n = 0.1 (dashed, n = 0.5 (dotted. Shawn is the profile of the poloidal (left)

andtoroidal (right) componentf the velocity (top) and the magneticfield (botton) in z-

directionat R = 15 atthetime of quasi-stationarityThe velocity componenténcreasewhile

themagnetidield strengthdecreasewith increasing; (exceptfor themagnetidield justabore
thedisk, seetheendof presensection).Notethe differentscaledor u, andugs. Theboundary
valuefor thetoroidalvelocity is the Keplerianvalueuy = 0.258 at R = 15.

In Fig. 4.9 shawn are the poloidal velocity vectorsin the inner jet for n = 0 and
n = 0.1. They aretakenat time whenthe flow hasreachedhe quasi-stationargtate,
andclearly shav the self-collimatingpropertyof the MHD flow. Thevelocity vectors
becomeamoreandmorealignedwith thejet axisalongthe flow, exceptfor a region of
low collimation closeto the disk, wherethe velocity vectorspoint in radial direction
(with ~ 45° half openingangle).

Forverylow magnetidiffusivity (n < 0.05) theapparentie-collimationof thepoloidal
magneticfield lines (Fig. 4.8), which is presentor a weakmagneticdiffusivity (n =
0.01), is notvisible in the poloidalvelocity (Fig. 4.9). Theflow evolution hasreached
a quasi-stationargtatein both casesat¢ = 400. This illustrateshow, in contrastto
the ideal MHD, in the caseof diffusive MHD a miss-alignmenbetweenu, and B,
is possible. Up to =0.5 this mismatchbetweenthe poloidal velocity and magnetic
field vectoris weakfor large z andabout5° — 10° at smallheightsabove the disk. We
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obtaina collimatedflow alongthe axis, but the masdoaddistribution variesimplying
avariationof the massflow ratethroughthe R and z-boundarieswith n. For alarger
magnetiadiffusivity (n > 0.1), ade-collimationof the massflow is alsoobsened(see
below).

Both the poloidal andtoroidal velocity increase and the magneticfield components
decreaseyith theincreasingliffusivity. Thisis shovnin Fig. 4.11,wherethevelocity
andfield componentslongthejet ata distanceof 15R; from thejet axisareshavn. A
conclusion:matterin thediffusive jetsis faster

The decreasef the toroidal velocity just above the disk can be explainedwith the
increasingof the toroidalfield with height(seealsoFig. 4 in OP97),andthe larger
slide of the matteralongthefield line. Namely at someradiusalongthe disk surface
the strengthsof the toroidal and poloidal magneticfields equal,and asthe matteris
corotatingwith thefield lines (foot pointsof which rotatewith Keplerianspeed) for
the dominatingpoloidalcomponenbf the magneticfield, the toroidal velocity would
increase Whenthefield componentsireequal, B, = B,,, theslidebecomedarger.

The apparenton-matchingof the magneticfield strengthand the toroidal velocity
with thegivenboundaryconditionin theresistive simulationds generatedby thejump
in diffusivity betweenthe disk (in the ghostzonesof the computationabox) andthe
corona. Whenleaving the disk surface,the magneticfield lines areimmediatelyaf-
fectedby diffusion,andthe magnetidield strengthis changing.

4.3.4 Massand momentum fluxes

The fluxesacrossthe surfacesparallelto the accretiondisk boundarycan be defined
by:

- Rmax . Rmax
M= / o Rpu,dR, Mu, = / 21 RpuZdR . (4.10)
0 0

Theseaarethemasdlux andthekinetic z-momentunyi.e. themomentumin z-direction)
flux alongthejet axis.

For theinnerjet R,,..=20, andthe integrationis along z,,.,=60. The flux away from
the jet axis, in R-directior?, is definedcorrespondinglyby the integrationalong the
R.x-boundaryfrom 2=0to z=z,,,x. The correspondindlux into thejet hasto bein-
tegratedalongthe z = 0 axis. This flux is prescribedy the disk boundarycondition.
Whenmostof the massand/ormomentumflux in the computationabox is directed
alongthejet axis,thejetis collimated Thetime dependencef the massandmomen-
tum fluxesfor differentdiffusivity is shavn in Fig. 4.12. The massflux acrossk and
the z-boundaryandthekinetic momentunflux in R andthe z-directionareintegrated
alongtheoutflow boundariesDuring thefirst 100 — 200 rotationsthe fluxesarelarge,
andthe reasonis thatinitially hydrostaticcoronais exiting the grid of the inner jet.

3Themomentunflux in z-directionacrosshe R,,.-boundaryis Mu, = fo > 2n Rpu,urdR
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Whenthe bow-shockleavesthe inner grid, the massflow in the jet is determinedoy
themassinjectionratefrom the disk boundarycondition.

Thesolidline (inflow condition)comparedo thesumof thedotted(radialoutflow) and
the dashedines (axial outflow), shows that the massinflow from the disk boundary
into the jet is equalto the masslossacrossthe boundariesn R- andthe z-direction,
asshouldbein the stationarystate.The obtainedresultis in goodagreementvith the
analyticalresult.

Similar analyticalintegrationfor the momentunflux givesa momentunflux from the
disk into the jet of Mu,=1.8 x 10~%. Thisis muchbelav the numericalvalueat the
first active zone,andreasoris thatthe momentunflux is not consered asthe matter
becomesccelerateth thejet, becaus®f gainof kinetic enegy of the MHD flow.

The kinetic momentumflux in z-direction acrossthe z=z,,,, boundarycan be well
estimatedby the integratedmassflow rate M/ multiplied by the meanu,-velocity at
this position. Negligible kinetic momentumflux in R-directionis leaving the inner
box acrosghe z-outflow boundaryfor then=0 case(asMu, ~ 1.5 x 0.6=0.9),similar
to theresultfrom our simulations.

In Fig. 4.12presenteds therunwith n=0.5. A massgnflow ratein dimensionlessinits
is 1.5,andthemasdossrateacrosgshe computationagjrid boundariesn z-directionis
about0.45and1.05in R-direction. For the vanishingdiffusivity, whereabout70% of
themasdlow leavestheboxin z-direction,themasslow for n=0.5is lesscollimated.
For the simulationswith higherdiffusivity n = 1.0, whenthe massinjectionfrom the
disk boundaryis partly superAlfv énic, the massflow is evenlesscollimated,but as
alreadycommentedit is anothemphysicalsytuation.

A conclusionconcerninghevelocity vectors:evenif they canhave similar directions
for the diffusivity up to n=0.5, the massload alongthe streamlines canactually be
different. Thisis dueto thefactthat centrifugalforcesmay drive the matteroutwards
acrosghemagnetidield lines(becausef themagnetidiffusion),enhancinghemass
flow ratein aradialdirection.

As alreadypointedout, for the degreeof jet collimationdefinedoy themasdlux across
thejet boundariesthereexistsacritical valuer,, of themagnetidiffusivity (seeFigs.

4.12and4.13).In Fig. 4.13theratio of themassflux leaving thegrid in z-directionto

thatin R-directionis shavn for differentdiffusivity for atime whenthebow shockhas
left the innerbox. For a high diffusivity (n.. ~ 0.3, but the actualvaluedependon

the plasmabetas;, too) thatratio becomedessthanunity, i.e. the massflow is weakly
collimated.

If we considethemomentunflux, thepictureis someavhatdifferent,asthemomentum
flux in z-directionis alwayslargerthanthatin R-direction. In our simulationsa ratio

4Theintegratedinflow massratebeing M/=1.41.

5In supportof this conclusionarealsothe recentresultsfrom the diffusive MHD simulationsof the
jet formation out of the accretiondisk (Kuwabaraet al. 2000), whenthe jet launchingfrom the disk
critically dependean the strengthof diffusivity.
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of themomentuntfluxesin eachdirectionis about5 — 8. In otherwords,if thedegree
of collimation would be definedby the momentumfluxes, the jets would perfectly
collimate alsofor higherdiffusivity. This shavs the big efficiency of corversionof
therotationalkinetic enegy into poloidalkinetic flux for a rotatingMHD flows. But,
the densitydistribution (i.e. the massflow distribution) is, in our opinion, the best
theoreticalequivalentto the obseredintensity aslong asthereareno emissionrmaps
providedby the simulations.

4.4 Lorentzforcesin the jet

How the jet internal structureis modifiedin our resistve MHD simulationsby the
effect of magnetiddiffusivity, comparedo theideal MHD simulation(OP97)?

Therearethreemainpoints:

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

(2) Forastrongdiffusion,thehydrodynamidlow is alsode-collimated,;

(3) Thejet velocityincreasesvith increasingdiffusivity.

In the MHD simulation,asin real astrophysicaflows, very complex physicaleffects
combine(the pressureandgravity intertwinedwith the magneticandinertial forces)
andto make a distinction betweentheir contributionsis not straightforvard. In the
paradigmacceptedere,the magneticfields arethe maindriver for the flow accelera-
tion andself-collimation,soinvestigationof the Lorentzforcesin the quasi-stationary
stateshouldrevealthe physicalmechanisnat work.

In Fig. 4.14the resultsfor differentmagneticdiffusivity are shawvn for the Lorentz
forcecomponentgfy, |, 1, F14). Also, computedarethe correspondingiccelera-
tions(F1./p) alongafield line (or, respectrely, alongthe correspondingnagnetidlux

surface)leaving the numericalgrid of the innerjet at (R = 20,z = 60)°. The foot

pointsof theseflux surfacesarebetweenRk = 5 and R = 8 alongthedisk surfaceand

the Alfv énpointsareataboutz = 25, 15, 5 (for n=0,0.1,0.5respectiely).

The magnitudeof the Lorentzforce in our simulationsgenerallyincreaseswith in-
creasingmagneticdiffusivity, althoughthe magneticfield strengthdecieaseswith in-
creasingdiffusivity (Fig. 4.11). The maximumLorentzforceis in thatregion before
the Alfv énpoint wherethe curvatureof the poloidalfield is largest,i.e. the magnetic
accelention is the mostimportantpartof the mechanisnhere.

5Note that due to the magneticfield de-collimationwith 5, we comparedifferent magneticflux
surfaces.
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Figure4.12: Time evolution of the massflux andkinetic momentunflux for differentmag-
netic diffusivity, n = 0,0.1,0.5 (top, middle and bottomfigures, respectiely), in the inner
partof thejet, (z x R) = (60 x 20)R;. Thefinal point of eachline correspondso the end
of the simulationwhenthe (quasi-)stationarystatehasbeenreached.Shavn is the massflux
(left column)acrosghe differentboundariesThe massinflow acrosghefirst active grid cells
alongthe (z = 0)-boundary(solid), acrosgheouter(z = zyax) axial boundary(dashedl, and
acrosshe outer(R = Ryax) radialboundary(dotted. Also shavn is the kinetic momentum
flux acrosgheboundariegright column). The solid line denoteghe poloidal kinetic momen-
tum flux acrosshefirst active grid cellsalongthe (z = 0)-boundary Notethatthisis already
evolvedfrom thevalueof theboundarycondition. Thedashedine denoteghemomentunflux
in z-directionintegratedalongthe outflov boundariesThe dottedline denotegshe momentum

flux in R-directionintegratedalongthe outflov boundaries.
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Figure4.13: Time evolution of the massflow ratio betweerthe radial outflov boundary(the
massflow in R-direction)andthe axial outflov boundary(the massflow in z-direction) for
differentmagneticdiffusivity, n = 0,0.1,0.5 (solid, dashedanddottedline, respectiely), in
theinnerpartof thejet, (z x R) = (60 x 20)R;. Thefinal point of eachline correspondo
the end of the simulationwhenthe (quasi-) stationarystatehasbeenreached. For a higher
diffusivity, the massflux ratio in the quasi-stationargtateincreasesindicatinga decreasén
thedegreeof collimation.

Suchanacceleratiorpurely by magneticforcescomplieswith an enhanceanagneto-
centrifugaleffect picture. For the parallelcomponentwith increasingmagneticdif-
fusivity, the poloidal velocity increases- seeFig. 4.11. Becauseof highervelocity,
theinertialforcesarestrongerand,for moderateéheightsabove thedisk, the (diffusive)
fluid will tendto maintaintheradialdirectionevenif thefield linesbendin thedirec-
tion of the jet axis. The massflow is re-distritutedalongthefield line. As could be
expectedor theincreasinglycollimatedflows, theparallelcomponenandthetoroidal
Lorentzforcecomponentslecreaseapidly with increasing:. Thetoroidalcomponent
accelerateshe plasmain atoroidal direction,addingan additionalcentrifugaleffect
which drivesthe matterin a radialdirectionto diffuseacrosshe magnetidield. This
is why the masdflow rateincreaseslongthe outerstreamlinesvith increasing;.

For the correspondingomponentf the accelerationywhat onewould expectfrom
the standardMHD jet modelis that, comparedo the perpendiculacomponentthe
parallelandthe ¢ component®f the correspondingcceleratiorhave a steepemax-
imum and decreaséeyond the Alfv én point. This is confirmedin our simulations.
The perpendiculacomponent$ are substantiathroughoutthe whole inner jet. This
indicatesthatalsoin theasymptotiaegime of the collimatedjet theflow is collimated

"The perpendiculacomponentsollimatethe flow, sothe signfor Fy, | is definedpositive for the
forcevectorpointingradially outwards,andtheincreaseof | Fy, | | indicatesanincreaseof thecollimat-
ing Lorentzforce.
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Figure4.14: Lorentzforcesin thejet for differentmagneticdiffusivity n = 0, 0.1, 0.5 (solid,
dasheddotted lines). Leftcolumn: (Normalized)valuesof theforcecomponenperpendicular
(top) andparallel(middlg to thefield line andthe toroidal componen{botton), Fy, ,, Fy,,
F, 4, alongaflux surfaceleaving thebox of theinnerjet closeto (R = 20, z = 60)-corner(see
Figs.4.7andFig. 4.8). Thesignis definedasfollows. For F1, | thepositve signdenotesher-
direction(de-collimatingforce). For Fy, | thepositive signdenoteshez-direction(accelerating
force). For Iy, 4 thepositve signdenoteghe ¢-direction. Rightcolumn: Correspondingalues
of themagneticacceleratior{ F1, 1 /p), (F1,/p), (FLs/p)-
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by theseforces.

As for n=0 and7n=0.1thereis only a slight differencein the strengthof the perpen-
dicular componentof force and acceleratiorat large distancesthe degree of local

flow collimation shouldbe similar. This s visible in the poloidal velocity vectorsin

Fig. 4.9, which arewell aligned.As for n=0.5we areabove the critical valuer,,, the
perpendiculacomponentsremorechanged.

In conclusion the perpendiculatorentzforce is shovn to be essentiafor the colli-
mationof the entire(inner) flow. Highervelocitiesin thejet flow aretheresultof the
increasingparallelLorentzforce with increasingdiffusivity, andthe toroidal Lorentz
forceaddsan(centrifugal)pushto thematterin thestill uncollimatedoartsof theflow.

4.5 Summary of the results

The time—dependengimulationsof the formation of axisymmetricprotostellarresis-
tive MHD jets are performed,with investigationof the collimation and acceleration
of the outflow. For this task, we implementedthe physical magneticdiffusivity in
the ZEUS-3D code. The accretiondisk hasbeentaken as a fixed boundarycondi-
tion, andtheinitial setupis for aforce-freemagnetidield in a hydrostaticcorona.An
assumptiorof constantdiffusivity is taken, althoughthe diffusivity self-consistento
theturbulent Alfv énic pressuravasanalyticallyestimatedand simulated but wasnot
foundto affectthe mainresultssubstantially

Themainresultsare:

(1) In theglobalscaleof our simulation,thejet bow shockadwancesslowerthrough
theinitial hydrostaticcoronafor theresistve jets. Thereasoris lower massflux
in thedirectionalongthejet axisin thesgets. As expectedtheinternalstructure
of thejet is lessdisturbedin the caseof diffusion. The Alfv én surfacecomes
closerto thedisk surface.

(2) For our modelsetupwe find that, similar to the caseof ideal MHD jets (Ouyed
& Pudritz1997a;Krasnopolsk etal. 1999;Fendt& Elstner2000),alsoresistve
MHD jetscanreacha quasi-stationargtate.With increasingnagnetiadiffusiv-
ity, the quasi-stationargtateof thejet is reachedater.

(3) With increasingdiffusivity the jet poloidal velocity increases.The directionof
the velocity vectorsdoes,however, only changeweakly. At the sametime the
poloidalmagnetidield distribution becomesncreasinglyde-collimated.

(4) Asapropemeasur®f thedegreeof collimationwe suggestheratioof themass
flux alongandperpendiculato the jet axis. If we comparethe massflow rates
throughthegrid boundariegor differentdiffusivity, we find strongindicationfor
theexistenceof acritical valuefor themagnetidiffusivity 7., concerninghejet
collimation. Beyond this valuewe still find analmostcylindrically collimated
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streamalongthe jet axis, however, the bulk massflow is in a radial direction.
For our setup the critical (normalized)diffusivity is aboutn., ~ 0.3.

(5) Wediscussaself-consistenpicturewheretheseeffectsof jet de-collimationand
acceleratiorare explainedin the context of Lorentzforces. The perpendicular
Lorentzforceis essentiafor the collimationthroughoutheentireflow alongthe
jetaxis. TheparallelLorentzforceincreasegor increasingnagnetiadiffusivity
andgivesriseto the highervelocitiesin thejet flow. Thetoroidal Lorentzforce
acceleratethe plasmain atoroidaldirection. This leadsto additionalcentrifu-
gal forcesre-distributing the massflow ratesacrossthe magneticflux surfaces
towardsthe outer (yet un-collimated)partsof the flow. The latter two compo-
nentsplay no role for largerdistanceslongthe flow.

Ourconclusionis thatthemagnetidiffusivity couldbesubstantiafor thejet formation
processlt is assumedhatturbulencefrom theaccretiondisk will enterthe disk wind
andwill befurtheradwectedinto thejet.
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Chapter 5

Numerical simulations of jet formation
without toroidal magneticfield

A majority of theastrophysicajlet modelsdescribehecollimationasdueto the“hoop
stress”.This stresgs thetensionin theportionof theflow which stopscorrotatingwith
thedisk. Loopsof thetoroidal componenof the magneticfield arethenaddedto the
flow for eachrotationof the foot point of thefield line anchoredn the disk. In such
modelsthetoroidalcomponenof thefield is essentiafor collimationandacceleration
of thejet.

In an alternatve model, the collimation of the astrophysicajet is, insteaddueto the
“hoop stress”,dueto the magneticpressurebecausef the poloidal field of the disk
(Spruitet al. 1997, hereafterS97; see§3.6 here). The toroidal field developingin a
magneticallyaccelerateget is claimedto be unstableand,therefore notto contribute
muchto collimation.

To verify this possibility, we performeda setof numericalsimulationsusingthe orig-
inal (non-resistre) ZEUS-3D codein the 2D (axisymmetry)option, for cylindrical
coordinategR,¢,z). Thedisk s takenasa boundaryconditiononly, andthe normal-
izationis thesameasin §4.1.1here.

5.1 Instability of toroidal fields

Thetoroidalfield, formedby the highly wound-uppoloidal magnetidield beyondthe
Alfv én surface,is known to be unstableto non-axisymmetridgnstabilities (Bateman
1980). Theseinstabilitieswerestudiedin the controlledfusion context, andthe most
damagingaretheideal MHD modes(kink instability), asthe diffusion—relatednodes
(e.g.tearingmodes)arebeyondthe dynamicaltime scale.This scaleis definedby the
time in which anAlfv énwave crosseshejet radius.

In cylindrically symmetricconfigurationsthe plasmawithout externalstabilizingsur

65
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Figure5.1: Decollimationof the jet dueto instability of the toroidal field. Initially, the jet

is assumedo be perfectly collimated (©¢=0). The solid lines: including internal pressure
generatedby theinstability (f=1); the dottedlines: without this pressurgf=0). Parametery is

the assumedyrowth rate of the instability in units of the nominalrateu, /r. Figureadopted
from S97(Fig. 2).

facesis unstable. Kruskal-Shafanov condition statesthat whenthe magneticfield
linesin a fluid make more than one turn aroundthe axis betweentwo surfaces,the
instability occursif thereareno suchstabilizingsurfaces.Typically, am=1kink mode
setsin for arny degreeof twist. In a magneticallycollimatedjet a systematidwist is
presentandtherearenot ary stabilizingsurfaces. This makesthe astrophysicajet
approximatedvith anidealMHD cylindrical modelsubjectto a kink instability.

The questionis if suchinstability damageghe jet collimation. The enegy feeding
theinstability is the enepgy of the toroidal componenbf the magneticfield, which is
proportionalto B};. For the jet radiusr andthe densityp, the instability growth rate
is of the order B,/ (r/4mp) (Batemanl1980,§6.4). If a collimationis mainly by the
hoopstressthetoroidalcomponentB, mustsatisfy B, > B,. For agiven B, andp,
theinstability grows with increasingcollimation of thejet.

The effect of the instability on a collimationis investigatedn S97(§3), andis illus-
tratedin their Fig. 2, repeatedherein Fig. 5.1.

For the growth ratey=1, which is the assumedjrowth rate of the instability in units
of the nominalrateu, /r, aninitially completelycollimatedjet terminatesasa flow
with an openingangleof order45°. Evenif the partof instability generatedy the
internalpressures neglected(f=0 casean Fig. 5.1),thejet is completelydecollimated.
Only for y<1, which is an arbitraryassumptionthe final collimation anglebecomes
proportionalto . This would imply that the highly collimatedjets are impossible
whenthekink instability is present.
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5.2 Collimation by poloidal magneticfield

The magnetidield configurationwhich enablesa collimation of the astrophysicajets
canstill bequestionedAn alternatve to thehoopstressollimationcouldbefoundin
the magnetidfield carriedby the accretiondisk. This poloidal collimationis effective
enoughfor realisticassumptiongboutthe strengthand distribution of the magnetic
field in thedisk (Blandford1993;Spruit1994).

Thestrengthof themagnetidield in thedisk,independentf theorigin (adiskdynamo
or aninterstellar/integalacticpoloidalmagnetidield capturedoy thedisk) s likely to
increasaowardsthedisk center E.g. for averticalcomponenbf the magnetidield at

thedisk surface, ,

B, ~ (% +1)7#2, (5.1)
thefield strengthincreasesowardsthe centrefor ;>0. R; is theinnerdisk radius. If
theAlfv énsurfaceis positionedarenoughfrom thedisk surface thefield nearthedisk
is approximatelya potentialone,completelydefinedby thedisk surfacefield B, (R, z)
asaboundarycondition.Most of the magnetidlux crossingthedisk (® ~ R*#) isin
the outerportionsof the disk. Becauseof the geometricakeasonswith increasingR
outerfield linesmoreinfluencethe solutionof the potentialproblem.

At heightz above the disk, thefield strengthis of the order B(R=z,2z=0), andapprox-
imately R2B,=const, i.e. R~ z*/2. For aninfinite z, dR/dz — 0, which impliesa
collimating shapeof thefield linesfor ;<2. The outflow changeghefield of a disk,
but significantlyonly afterthe Alfv énradiusR, is reachedi.e. the outflow is already
highly collimatedby the poloidalfield of the disk.

For an infinite disk as above, positionof the Alfv én surfacedetermineghe poloidal
collimation of the outflow, andthis collimation increasewith increasingR,. For a
finite disk, asall the magneticfield lines return backto the equatorialplaneof the
disk, thefield is of dipoletype,i.e. decollimating.ThereexistssuchR for whichthe
maximumpossiblecollimationis achieved.

An estimateof the collimation by thefield of finite disk is sketchedin S97(§4.1). If
we ignorethetoroidalfield, for the strongenoughexternalfield the internalpressure
of thejetis in equilibriumwith the externalone,i.e. B;,=B.,:. For thenarraw jet, as
its effect on the surroundindield is small, Bi,; (2)=Bex (R = 0, 2). In this expression,
Bext(R = 0, z) is known field distribution at the disk surface. Theinternalfield scales
with thejet radiusasr 2, and(r/r¢)? = Bex (0, 20)/Bext (0, 2). The Alfv énsurface,
wherethejet calculationis startedn S97,is at zy, andr is thejet radiusat thatpoint.
If we assumehe flow speedalongthejet constantwe have for the densityin the jet
p/po = (ro/R)?, andthe Alfv énspeedn thejetis

U_A — Bext(z)r — Bext(z)
UAo Byrg By

Thereexistsapoint z., a collimationdistance wheretheradialexpansiorspeedu; =



68 Numerical simulations of jet formation without toroidal magneticfield

0.3 - 4

0.2

z /IR

0.1

Figure5.2: The solid line shawvs the heightabove the disk, z;, of theinflection pointin the
field line shape Figureadoptedrom S97(Fig. 5).

dR/dt becomegomparabldo the Alfv énspeedu,, beyondwhich the equilibrium of
pressuress not satisfiedany more. Suchan equilibrium could be maintainedonly up
to the Alfv énspeed After reachingz,, thejet expandsbalisticallyat constanbpening
angle®,, = u, /v, whichis theasymptoticcollimationangle.If we assumehatthe
matterfollows the poloidalfield linesup to the heightz, andthendecouplesrom the
field, thecollimationangle© is equalto theangleof thepoloidalfield line with respect
to theaxisat z..

For a distribution of currentj(R) = Jy(rq/R)*, in afinite disk of radiusryq (where
O0<R< rq,andj(R) = 0 for R>rg4), for afield linescloseto theaxis:

22 4

B-Vtan© ~ — <0 (0<pu<?2).

For the height z,, the collimation angleis minimal for thefield closeto the axis. The
correspondingntegral equationis solved numericallyin S97,andtheresultis shovn
in solidline in Fig. 5.2.

We seethattheinflectionpointin the solutionis locatedat z, ~ 0.2r4 for mostvalues
of i, andthereis a steepdecreasevheny reacheshevalue2.

The thoroughderiation of this resultis givenin S97. Herewe areinterestedn the
resultfrom Fig. 5.2, asy is the free parametein the numericalsimulationin which
we checkthe poloidal collimationconjecture S97find thatfor B ~ r;* with 1.3,
the jet becomesollimated. Note thatat intermediatedistancesg.g. rq4 /r; = 10%, the
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asymptotiangle©, is only ananalyticalapproximatiorof the numericalsolutionfor
the inflection point obtainedin S97 (seeFig. 6 there). However, it is assumedlose
enoughandin our numericalsimulationwe setB ~ R™*.

5.3 Initial and boundary conditions

In our numericalsimulation, performedwith the ZEUS-3D codein the axisymme-
try option, the underlyingaccretiondisk is prescribedas Keplerian,fixed andtime-
independentTheinitial stateis definedusingthe JETSETtool (Jggenseretal. 2001).

This is the tool for settinginitial statesof astrophysicajet simulations. The initial

set-upconsistsof a disk coronain hydrostaticbalancewith the gravitational field of
centralobject, with a current-freemagneticfield threadingthroughthe corona. An

initial stategeneratedy JETSET if left unperturbedremainsin perferctnumerical
balanceo within machineround-of errors.

Whatis actually obtainedfrom the JETSETpackagds a current-freemagneticfield
without thetoroidalcomponentcomputedasa solutionof the Laplaceequation,

V2e(R, $,2) = 0. (5.2)

The solutionis proportionalto the hypegeometridunction,

pp-1, R
2F1<2, 5 , 1, z2>,3>/,1,>1/2, (53)

andcorresponds$o the boundarycondition
BR,O = bR_N . (54)

Here, b is a normalizationfactor and By ,—, is a radial componenbf the magnetic
field in thedisk.

In a presentJETSETpackage only the solutionsfor 3>u>1 and =0 are allowed.
We variedthe parametep: andobtainednitial configurationf thepoloidalmagnetic
field shavn in Fig. 5.3. The outgoingangleof the magneticfield lines threadingthe
underlyingdisk s alsothe angleof theinitial inflow velocity ;,;, andthis velocity is
afree parametein our simulations.With this initial solutionsby the JETSETtool as
theinitial conditionsin theZEUS-3Dcomputationsywe performedhetime-dependent
simulationsfor the outflow of injectedmaterialin the magnetidfield of adisk corona.

As a free parametefor theinitial inflow velocity we chooseu;,; = 0.001 uk ;. The

inflow densityis pgisc = R >/2, with the free parameter;=100,and5;=2.5, asde-

scribedin OP97for ahotcoronacasgwhenaccesso anadditionalsourceof enegy is

required).Thetoroidalmagnetidield components setto zeroin every computational
stepin thewhole computationabox, andthe inner edgeof the disk togetherwith the

innermostpart(for R < R;) is definedwith theinflow velocity equalto zero.
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Figure5.3: Initial setupfor the simulationswith variousparameters. Thin solid concentric
linesindicate30 logarithmically spacedsocontourlines of theinitial hydrostaticdensitydis-
tribution. Thidk solidlinesarethefield linesof initial force—freemagnetidield. Theparameter
1 equals2.999,1.5,1.01i.e. analmostdipolefield linesandopen(split—-monopolemagnetic
field, respectiely.

Thecomputationabox boundariesresetas“reflecting” alongthe symmetryaxisand
“outflow” alongtwo outerboundariegsees§4.1.2for a definitionof the boundaries).

Uniform numericalmeshin the simulationscontained(125x50) grid points,in a do-
main(z x R)=(60x 15)R;.
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Cold disk corona

We first performedthe simulationswith the above describedsetupfor a cold disk
coronacase which is obtainedfor §;=100, whenthereis no ary additionalsourceof
enegy in acoronaassumedThesesimulationsarethenin thespirit of Chapted here,
but with theinitial magneticfield numericallydeterminedy JETSETtool, insteadof
analyticalprescription. The toroidal componenbf the magneticfield wasatrtificially
destryedin every stepof the computation. The resultalwaysshavedto be a non-
collimatedoutflow, independentn the free parameten, for our setup. This would
supportthe conclusionthatthe collimatedandaccelerateautflow (i.e. the jet) from
a cold coronaof the accretiondisk is not possiblein the absencef a stabletoroidal
magnetidield.

5.4 Variation of the parameter

Forthesimulationswith §;=2.5,wewill presentheresultsfor two open(split-monopole)
magnetidield simulationsfrom Fig. 5.3,for x = 1.01 andy = 1.5.

Changingthe plasmag parameteprovidesa way to positionthe Alfv énsurfacehigh
enoughabove the accretiondisk surface. In S97 (§4.1) it is claimedthat “Poloidal
collimation by discsof finite sizethereforeworksbestif the Alfv énsurfaceis neither
too closeto thediscsurface,nortoo faravay”.

If the plasmais superAlfv énicfrom thevery beginningof the simulation,whatoccurs
for someg-plasmavaluesin our setup,we obtaina physicallydifferentcasethanone
discussedhere(seeContopoulosl995b).For this reasonwe do not presentheresults
for ©=2.999,which weresuperAlfv énicfrom the very disk surfacein our setup.

The outgoingangle of the magneticfield lines definesalso the inclination angle of
the inflow velocity. This angle,measuredrom the jet axis, for the split-monopole
magneticfield linesis presentedn Fig. 5.4. It complieswith the BP82criterion (see
§3.1.1here)for bothinvestigatedhoicesof the parametey..

Simulationsarepresentedor atime for whichthey canbeconsideredjuasi-stationary
closetothedisksurface.A quasi-stationaritpf theflow is assumedavheninnerregions
of the flow, closeto the centralobject,do not evolve significantlyin time within the
+50rotationtimes(see§4.3.2here). For thedifferentpositionof the Alfv énsurface
in the simulationswith . =1.01 (e.g. for 5; ~10, whenthis surfaceis closerto the
disk surface)we obtainedaradially directedoutflow, similarto onein thetop panelin
Fig. 5.5.

Theterminalpoloidalvelocity of the collimatedoutflow (1 = 1.01 case)s of theorder
of 4uy ;, i.e. of theorderof the escapevelocity of the centralobject. The velocity and
the magneticfield strengthin the slice parallelto the axis of symmetry at half of the
computationabox height,aregivenin Figs.5.7and5.8.
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Figure5.4: Theinclination angle(measuredrom the jet axis) of the inflow velocity for the
simulationswith the differentparametey, for the open(split-monopolemagneticfield. The
solidline representshe casewheny = 1.01, andthedashedine is for y = 1.5.

Thesesimulationssupportthe claim by S97that,for a hot corona,a poloidalmagnetic
field is sufficientfor acceleratingaindcollimatingthe outflows, if theinitial field of the
diskis B ~ R~*, with u ~ 1.3 (in our simulationsy < 1.5). The essentiaparam-
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 componentbf the magneticfield, thereis no fastmagne-
tosonicsurfacein thesesimulations. The acceleratiorof the flow stops,therefore at
the Alfv énsurface.

The flow is magneticallyacceleratedind collimatedup to the collimation distance
wheretheradial expansionspeedf thejet reacheshe Alfv énspeedyu . Beyondthis
distancetheflow expandsballistically, asthe surroundingpoloidalfield cannotinflu-
enceit any more.Suchajetis non-manetic with aballistic (magneticallyunconfined)
radialexpansiomandkinetic enegy flux.

5.5 Summary of the results

We performednumericalsimulationsof the ideal-MHD outflow from the accretion
disk for the casewhenthe toroidal componenbf the magneticfield is artificially re-
ducedto zero. The effect of a sole poloidal componenbf the magneticfield on the
collimation of the outflow is investigated Also, we implementedlexible initial setup
tool JETSETtogetherwith the ZEUS-3D packageo obtainthe initial configurations
which spanfrom the straightlines of the magneticfield, perpendiculato the disk sur
face,andopen(split-monopole}o thedipole—like magnetidield lines.
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Figure5.5: The flow evolution for the openfield initial configurationsfrom Fig. 5.3. The
free parametep;=1. The solid linesrepresenB0 logarithmically spaceddensityisocontours.
Vectorsof poloidal velocity areshawvn in scalein both plots. Top panelis for u=1.5 case at
t = 200 rotationsof theinnerdisk radius.Bottompanelshavs ;=1.01caseatt=900rotations
of the inner disk radius. The disk disruptionin the radial inflow boundaryresultsfrom the
inappropriateboundarycondition. However, becaus®f the densitydistribution, the massflux
of the outflow resultsfrom the inner half of the disk, whenthe small outflonv from this top

uppercornerof the plot exits thetop boundarnimmediatelyin theradial direction.

Resultscanbe summarizedsfollows:

(1) In all investigatedsituationswe foundno signof theaccelerate@ndcollimated
flow for thecold coronasimulationgn theabsencef thetoroidalmagnetidield.
Theflow openinganglechangedor differentpositionsof the Alfv énsurface but

resultingoutflows arenot accelerated.

(2) Thehotcoronasimulationswithoutthetoroidalmagnetidield presentanresult
in a collimated,acceleratedutflon. For the initial magneticfield of the disk

B ~ R~*, with 4 < 1.5 anoutflow is collimatedandaccelerated.

Our conclusionis thatin theideal-MHD simulationsthetoroidal magnetidield plays
anessentiaftole for theacceleratiomndcollimationof themagneticutflowsin acold
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Figure5.6: The poloidal magneticfield lines andthe Alfv én surfacefor the simulationspre-
sentedn Fig. 5.5. Thin solid linesdenotetwentylinearly spacedoloidalmagnetidield lines,
andthick solidline is the Alfv énsurface.
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Figure5.7: The poloidal andtoroidal velocity for the investigatedlows. Valuesaretakenin
asliceparallelto the axis of symmetryof theflow, at half of the computationabox. Thesolid
anddashedine representheresultsfor 4 = 1.01 andu = 1.5, respectrely.
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Figure5.8: The poloidal magneticfield. The solid anddashedine representhe resultsfor
u = 1.01 andu = 1.5, respecirely.

corona. The poloidal magneticfield aloneis insufficient, even in the most suitable
configurationsto produceandmaintainthe jet—like flows for suchcorona.

Forahotcoronaandy < 1.5, thereexiststhe 5-plasmagparametefor which we obtain
the collimatedand accelerateautflow in our setup. The terminalvelocity is of the
orderof magnitudeof the escapevelocity of the centralobject.

An importantlimitation in our computationds that the toroidal magneticfield was
artificially destryed during the computation. In the realistic model of the poloidal
collimationthisfield, suitablydampedy somephysicalmechanismg¢ouldplay arole
in the very beginning of the simulation,initially acceleratinghe flow.
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Chapter 6

Numerical simulations of the disk-jet
transition

A resistve accretiondisk threadedy alarge scalemagnetidield providesa platform

for a continuousMHD jet launching,when someamountof 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. The interactionof the magneticfield in the jet with the

disk magneticfield was neglectedthere. The next stepin a numericaljet simulation

is inclusionof a disk evolutionin a simulation. This shouldprovide an answerto the

questionif, andunderwhich conditions,it is possibleto launchajet from aturbulent,

resistive accretiondiskin the presencef alarge scalemagneticield.

The first numericalsimulationsof a rotatingaccretiondisk in a large-scalemagnetic
field wereperformedby Uchida& Shibata(1985)andShibata& Uchida(1985,1986).

Thematterhasbeenacceleratedlongthe magnetidield linesmainly by themagnetic
pressurgradientandnotmagneto-centrifugallgsin BP82mechanismin all succes-
sive simulations(Kudoh& Shibata(1997); Kudohet al. (1998); seealso0§3.5.1here
for morereferences)heinnerdisk collapsesaftera few rotations.The stability of the

accretiondisk to MHD perturbationss mainly determinedoy the radial structureof

thedisk.

Before the numericalsimulationsof suchsystemsbecamefeasible,Ferreira(1997)
andalsoCasse& Ferreira(2000a,b)suggestedhe self-similarstationarymodelwith

aresistve accretiondisk and a supefAlfv énicjet. Becauseof the nonzeromagnetic
diffusivity, theaccretednatterinsidethedisk cancrossthepoloidalmagneticsurfaces,
andbelifted into thedisk corona.

Abovethedisk,themagnetidiffusivity is muchlowerthanin thedisk,andtheoutflow
is effectively in theideal MHD regime. The matterin suchjet becomesfrozen” in a
magnetidield, andis collimatedandacceleratedby the actionof the Lorentzforce.

The time-dependensimulationsin 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 the Chapter by includingthe disk evolution.

Thefirst simulationsof a resistve accretiondisk launchingnontransientideal MHD
jet have beencarriedoutby Casse& Keppeng2002,hereaftelCK02) usingVAC code
(Versatile AdvectionCode Toth 1996). Theseare an extensionof Ouyed& Pudritz
(1997b)numericalsimulationsusing the Zeus-3Dcode, which were also performed
with aradially stratifiedinitial corona,but including the disk asa boundarycondition
only. Thejetobtainedn CK02 simulationgs persistentyith acaveatthatthejet radial
sizeis slightly dependenon a radial extensionof the computationabox. Simulations
in amoregeneraketupwith theinitial magnetidield setasanopenpoloidalmagnetic
structure have beencarriedout by Casse& Keppeng2003).

6.1 Model setup

In our simulationsof ajet launchedrom aresistve accretiondisk, diverseinitial con-
ditionswereinvestigated For reason®f comparisonywe presentherethe calculation
with a setupsimilarto CK02.

Schematicziew of our modelis presentedn Fig. 4.1,andnow we introducetheturbu-
lentaccretiondisk into a computationabox notasa boundarycondition(asit wasthe
casein Chapterd), but in the active grid. We work in cylindrical coordinatesandthe
axisymmetryis assumed.

A coronaof the turbulent accretiondisk is assumedalso to be turbulent, although
probablymuch lessthanthe disk itself. In our simulationsof the diffusive jet in a
disk coronain Chapter4, the total pressurevascomposedf the thermalandturbu-
lent terms. Both componentsvere modelledby the samepolytrope(y=5/3) andare,
therefore physicallyequialent(Ouyedet al. 2003). The free parametep; definedin
§4.1.2, referredto theinverseof the portion of total pressureonsideredo bethermal,
andis chosemow to beunity insteadof é; = 100 usedthere.

TheKeplerianspeedattheinnerdiskradiuskR; is ux ;=y/G M/ R;. For reason®f com-
parisonwith CK02, we normalizeall the velocitiesin our setupto the factorQx ; H*.
(U ; is theKeplerianangularvelocity at i;, and H is thedisk height. As we chooseR;
to beunity, definingthedistancescale it followsthatGA=100.A constanbf propor
tionality of thedisk heightto theradialdistancen H = ¢R is chosernto bee=0.1. To
absorhthefactor1/¢?, the centralmasss setto A/=100in our computations.

Thetimeis measuredh theunitsof t; = R;/uk ;. It is thetime neededor onerotation
of thedisk at R;. Comparedo this, thetime in CK02is measuredn the unitsof ¢y,
which represent /(2re)=1.59rotationperiodsof matterat R;2.

INotethatafterwardsin this chapterin the presentatiorf results,we switch backto the definition
of unitsfrom the Chapterd, whereux ;=1 is the velocity unit.
2This meanghatt=10in thesesimulationss a periodof 16 rotationsat the innerdisk radius.
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6.1.1 Boundary and initial conditions

Thedisk is now definednot asaninflow condition,asis the casein Chapterst and5
here,whenthedisk surfaceis in the ghostzoneof the computationagrid. Insteadthe
diskis in the active partof the computationafrid. The disk equatoris definedwith a
reflectingboundarycondition(see§2.3for the definition of the boundaries).

For thedensityp we applyasymmetricooundaryconditionatboththeequatoriaplane
of thediskandthe symmetryaxis,aswell asfor the z componenbf themagnetidield
B,. Theradialandtoroidalcomponent®f the magneticfield aretakenasasymmetric
atboththeseplanes.Thevelocity components g, u, andu, aretakenattheequatorial
planewith symmetric,asymmetricand symmetricboundarycondition, respectrely,
andalongthe symmetryaxis with asymmetric symmetricandasymmetridooundary
condition,respectrely (seeTablel in CK02).

Realaccretiondisk s certainlylargerthanthe partenclosedn our computationabox.
It is necessaryo prescribethe effect of this outer part of the disk on the modelled
structure.Thereforeasmallamountof masss injectedalongtheouterdisk boundary
in thenggative R direction(i.e. theinflow boundaryconditionis prescribedhere).All
theotherboundariesredefinedasopen.

We introducea “sink” region nearthe centralmass.t isasmall- (z x R)=(4x2) grid
cellsin our simulations- rectangulaareawherethe valuesof all quantitiesarecopied
from the cell row 2’ just above it (in the z direction). Only for the poloidal velocity
thereis an additionalconditionin the “sink”, which ensureghatno massflux leaves
it3:

ur = min(ug(z'),0), u, = min(uz(z'),0) .

The computationalomainandthe boundaryconditionsarepresentedn Fig. 6.1.

We performedour simulationsin anuniform grid with (125x80) grid cellsin a phys-
ical domain(z x R)=(60x40)R;. For a comparison,n the CK02 simulationsthe
active grid is (300x 150) elementsn a physicaldomain(z x R)=(80x40)R;. In their
computationsjn both radial and vertical direction stretchingis applied,resultingin

a higherresolutioncloseto the disk. In anothersimulations,Kuwabaraet al. (2000)
set(256x201)grid cellsin a physicaldomain(z x R)=(13.4x5.1)R;, with stretching
appliedfor z and R greaterthan R;=1. Comparedo these theresolutionin our sim-

ulationsis ratherlow, andthis is why we characterizahemasa preliminary results.
However, a comparisorwith few higherresolutionrunsin the samesetupshavedno

substantiathangesn thejet structure.Only the disk evolution wassomevhatslower
in aphysicaltime.

3Thematterin the R < R; andz > 0 zonecanthereforeoriginateonly from the disk, not from the
“sink”.
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Figure6.1: Schematiaepresentationf the computationadomainandboundaryconditions
for the simulationswith the disk includedin the computationalbox. The box dimensions
are (z x R)=(60x40)R; in an uniform meshof (125x80) grid cells. The “sink” region is

(z x R)=(4x2) grid cells.

6.1.2 Density profile

The simplestapproachor the definition of a disk would be to definethe disk height
from the equatorialplaneas H=const. However, thenit is problematicto obtainthe
equilibrium betweenthe gravitational and thermalpressureasthe gravity decreases
with a radial distance. One density prescriptioninvestigatedanalyticallyandin nu-
mericalsimulationss Gaussian:

22

P = pPo eXP(—ﬁ) )

wherep, is the densityin the equatorialplaneof the disk, and H is the heightwhere
thedisk densityreached /e of the centraldensity

In a geometricallythick disk, for H(R)xR, the growth of the magneticpressurds
causedy anincreasingoroidalcomponenbf themagnetidield (Ferreira& Pelletier
1993, §2.2). For increasingthicknessof the disk, the thermalpressurecanequalthe
magnetigpressurdi.e. thedisk become®ptically thin). Thisis aratherunstablecon-
figuration,andto avoid it, andto allow for thejet to extractall theangulatTmmomentum
from the disk, the poloidal magneticfield mustchangevertically substantially How-
ever, if themagnetidield insidethedisk would bevertical,anejectionof matterwould
notoccurevenif themagnetidrakingwould besuficient. Thereforethepoloidalfield
linesshouldnot bevertical,but slightly bent.
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Oneway to seta thin disk in a computationabox, is with the densitygiven by a
decreasindunction of altitude z above the disk equator The densitytypical value
mustdecreas@ver onedisk scaleheight. For a disk heightlinearly proportionalwith
theradialdistance H=¢R, anaturalscaling,consistenwith thepoloidalmagnetidield
linesbendingatthesurfaceof adiskis obtained.

For a thin accretiondisk, the disk aspectratio is e=0.1. The jet canextractall the
angularmomentumfrom the disk, if the magneticReynoldsnumberR,, (see§2.1.2)
is of orderunity. Thenthe magneticdiffusivity is large enoughfor the matterto cross
themagnetidield lines.

Theverticaldisk equilibriumandKeplerianrotationimposeghe constraintfor aradial
densityprofile, asfor the vertical balancen the disk the soundspeedwithin the disk
shouldbe proportionalto Qx ; H. At t=0, the densityprofile is definedwith

~ R3/2 _ v —1)22 1/(y-1)
p(R, Z) = Imax (10 6, m X (max{l() 3 y ll — %] })

A constanbffsetradiusRy=4 is introducedo ensureheregularity of thedensityupto
R=0, andthe maximumfunction preventstheinitial densityin reachingnon-physical
valueg. Our particularchoiceof the constantds, for reasonof comparisondueto
CKO02, butin our simulationgtheinitial densityrangeis smaller

6.1.3 Velocity profile

In athin accretiordiskwheretheradiatve pressurés neglectedandc; /ux oce (Shakura
& Suryaer 1973;Franketal. 1985),¢; < ux is alwayssatisfied.

In aradial direction, thermaland magneticpressuregradientsare of the sameordet
andto ensurea radial equilibrium of the disk, thereshouldbe somedeviation from a
Keplerianrotationprofile. We definea sub-Keplerianrotationprofile (seealsoCK02):

Ry 2
— _ 2 0 9=
ugp(R,z) = (1 —€ )e(R% N exp < 2H2> . (6.1)

The initial poloidal velocity profile is to be definedonly by the accretionratein the
disk,i.e. with aradiallyinwardvelocity. Theangularandsoundspeecdarebothpropor
tionalto 1/v/R, andfor thediskin anequilibriumthe sameis valid for thecomponents
of the poloidalvelocity:

R(l)/2 22
’LLR(R, Z) = —msm exp <_2ﬁ> s (62)
u.(R,2) = un(R,2) 5 . 6.3)

4This densityprofile definesthe coronawhich is not initially in hydrostaticequilibrium, but asthe
initial coronais sweptout by the propagatindow shock,it shouldnot influencetheresultsin the later
stagef thejet propagation.
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Figure6.2: Themagnetiadiffusivity alongthe disk equatoriaplane.

The constaniparametern, < 1 ensuresninitially subsonigoloidalinflow andit is
chosenn our simulationsto be m,=0.3.

6.1.4 Magnetic field

In the axisymmetryapproximationthe symmetryconditionsfor the equatorialplane
of the disk andthe axis of symmetryimposethat Br(R=0,2)=Br(R,2=0)=0. Only
thenV - B=0 is satisfiedfor theinitial instantof time. Anotherconditionis thatthe
magnetigoressureée of the sameorderasthethermalpressuren the equatoriaplane
(Ferreira& Pelletier1995).

The simplestconfigurationwhich satisfiesboththeseconditionsis a radially stratified
verticalmagnetidield with Bg=B,=0 and

_ 0
P T+ o o4

The plasmabetaparameters is the ratio of the thermalto the magneticpressureat
2=0, andwe choosadt to beof theorderof unity, with theexactvalue=1.67

6.1.5 Magnetic diffusivity

In comparisonto the pure jet simulationspresentedn Chapter4, which have been
calculatedapplyinganuniform distributionfor the (turbulent) magnetidiffusivity, we
now have to considera much stronger(few ordersof magnitude)diffusivity in the
highly turbulentdisk, comparedo thedisk corona. Theprofile of the diffusivity is

n = aup(z = 0)H exp (—2;—22> ) (6.5)
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Figure6.3: Thedistribution of the densityandthe magnetidield for theinitial configuration.
The solid lines denote30 logarithmically spacedisocontoursof density The dashedlines
denote20 linearly spacedmagneticflux surfacesor, equialently the poloidal magneticfield
lines.

The diffusivity vanishesoutsidethe disk (i.e. everywherein the disk corona),and
variesin time with the equatorialAlfv énspeedus = B/,/p. The free parametery
(o <1, see§2.1.4)is setto «=0.1,to ensurenot too high valueof thediffusivity in the
disk. Plot of thediffusivity profile alongthe disk equatoriaplaneis shavnin Fig.6.2.

6.2 Disk-jet connection

Thetime evolution of the disk-jetstructurein our simulationsis discussedh this sec-
tion. Notethatthe simulationdastfor tensof rotationsof the innerdisk radius. Most
of the previous simulationsin the literaturewere substantiallyshorter becausef the
problemsin maintainingthe disk dynamicalequilibrium.

6.2.1 Initial configuration

Theinitial statein thecomputationaboxis shovnin Fig. 6.3. As alreadymentioned,
theinitial coronain this setupis notin a hydrostaticequilibrium. Sucha distribution
without the disk or somemassinflow becomesunstableand dispersesor collapses
(towardsthe symmetryaxis)fast. However, thetime for atorsionalAlfv énwave prop-
agatingirom thediskto sweephroughthe computationaboxis shorterthantheinitial
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Figure6.4: Theinitial setupwith thedensitylevelsin acolourgradingin theintenal (1,1076).
Thedensetlevelsareshavn in theintensifyinggreencolourcomponent.

coronainstability timescale(Mouschwias & Paleologoul980). A new regimein the
computationabox is thendictatedby the outflow, andnot by the initial instabilities
(Ouyed& Pudritz1997b).

Thedensitylevelsfor ourinitial setupareshovnin Fig. 6.4.

6.2.2 Jetlaunching

In the initial setup,with a radially inward velocity (ur <0), definedis an accretion
flow. Also, for aparameterng<1, aninitial poloidalinflow occurs.To havethe BP82
conditionfor the poloidal magneticsurfacesfulfilled (ananglebetweenthe poloidal
magneticsurfacesandthe disk surfaceto be smallerthan60°), this parametecannot
betoosmall.

A non-vanishingresistvity is alsorequired. This follows from the radial component
of the magneticinduction equation(2.9) for a stationarycase(d/0t=0). For a thin
accretiondisk, when|u,| < |ug| and|0B,/0R| < |0Bgr/0z| appliesonly the partof
the expressiorwith themagnetiaesistvity remains:dBg /0z ~ —ugB,. In thecase
of idealMHD, whenn=0, the matterinfalling towardsthe disk centrecould not cross
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themagnetidield linesandbelifted perpendiculato thedisk surface,above thedisk.

After a few rotationsof the inner disk radius, an outflow forms. The launchingis
persistentandit is limited only to the inner (R<15) portion of the disk. Thisis a
resultof the delicatebalanceof forceswithin the disk, wheresimultaneouslyvith the
ejectionof matter the disk itself mustremainin an equilibrium. The total vertical
forcemustbepositiveat the disk surface,andnegativeinsidethe disk, andmostof the
plasmashouldremaininsidethedisk. Themassejectedn thejet canthereforebeonly
asmallfractionof thedisk mass.

A bow shockof the outflow propagatedeyond the computationaldomainin a few
tensof revolutionsof the inner disk radius. However, the outflow is narrav enough
thatits collimation would be completedwithin our computationabox. The density
distributionin the outflow in our simulationis shovn in Fig. 6.5.

We cancomparethis resultto the numericalsimulationsof CK02. They obtaineda
collimatedoutflow launchedfrom the resistve accretiondisk. The outflow, launch-
ing of which occurswithout artificial inflow conditions,becomescollimatedwithin
the computationalomain(Fig. 6.6). Thelaunchingin thesesimulationsremainsre-
strictedto a sggmentof the physicaldomainwithin R<20R;. In theinnerdisk region,
equipartitionbetweenthermalandmagneticpressureccurs,asthe plasmag andthe
angleof amagnetidield linesdecreaséor increasingadii. In their discussionCK02
reporta systematidargerjet-launchingadialrangefor graduallyextendingradialbox
size.Thisindicatessomeinfluencefrom the openboundary

Whenthe jet becomegjuasi-stationarythe outflow is well collimated. The angle®
betweenthe poloidal velocity andthe axis of the jet is showvn in Fig.6.7. High above
thedisk, but still in the computationabox, this anglebecomesmall, lessthan2°. In
CKO02 simulationthis occuredat timest>17, andin our at¢<150.

The poloidal magneticfield lines andthe poloidal velocity vectorsin our simulation
att=150rotationsof theinnerdisk radius,arepresentedn Fig.6.8. A caveatin these
resultsis the positionof the Alfv én surface,which seemdo be positionedboth at the
disk surfaceandin a corona,probablybecausef alow resolutionof the runs,or too
large 8 plasmaandmg parameters.

6.2.3 Disk-jet evolution

Occasionafoutbursts”emegeirregularly from the disk in our simulations.Thetime
scaleof sucheventsis few tensof rotationsat R;. Oneof themis visible in Fig. 6.5,
whichis the snapshobf our simulationatt=150. Thesestructurepropagateutwards
from the disk surfaceandexit the computationagrid, not disturbingthe overall colli-

matedshapeof the jet, formedafter abouthundredrotationsat the inner disk radius.
Theradiusof the collimatedoutflow in our simulationis R~20.

>Becausef the differentnormalization our time scaleis for a factor~10 largerthanin CKO02.



86 Numerical simulations of the disk-jet transition

1

R,/ R,

-20

Figure6.5: Thedistribution of the densityin our simulationat #=50 (top panel)andat t=150
(bottompanel). The densitylevels arein a colourgradingin theintenal (1,10°6). Thedenser
levelsareshawvn in theintensifyinggreencolourcomponent.
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Figure 6.6: Thin accretiondisk threadedby aninitially decreasingrertical magneticfield.
Thedensitylevelsarein a grayscale(1,10°6), wherethe densetevels arebrighter Thewhite
linesrepresenthe poloidalmagnetidield lines. Figureadoptedrom CK02, Fig. 2.
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Figure6.7: The anglebetweenthe poloidal velocity andthe jet axis of symmetryat t=150.

Slicein z direction,at a givenradiusR=15. The outflov becomesavell collimatedinside our
computationabox.

After a hundredrotations,the disk piles-upby a factortwo to three,comparedo the
initial height. The higherresolutionrunsare,naturally muchbetterin maintainingthe
disk equilibrium,but the machinetime for the simulationsincreasesapidly.
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Figure6.8: Thepoloidalmagnetidield linesandthe poloidalvelocity vectorsat¢=150in our
simulation. The solid lines denote20 linearly spacednagneticflux surfacesor, equvalently
the poloidalmagnetidield lines.

“Flaring” of the disk alongthe outer R-boundaryat ¢t>100 is one sign of disturbed
equilibriumin the disk, probablybecausef too low resolutionin the simulation.The
inflow of matterinto the disk from the outerpartof the disk could alsobe thereason
for sucha“flaring”, if it is notmatchedwvell enoughwith theaccretiorratein thedisk.

In Fig. 6.9 we shav one vertical slice of the densityin z direction, at a fixed radial
distanceR=15, andat ¢t=150. In a disk coronathe densityof the matteris for a few
ordersof magnitudesmallerthanin the disk.

In the samefigure presenteds the jet terminal velocity, in the sameslice andat the
sametime asfor thedensity Nearthedisk surface the poloidal velocity changesign.
This is a consequencef the sign changeof the magnetictorquej, x B, atthese
locations,which is a conditionfor the outflow acceleration. The terminal velocity
of the outflow, which is equalto the escapevelocity of the centralobject, is in our
simulationof the orderof Keplerianvelocity attheinnerdisk radius.

In thesameslice showvn arealsothemagnetidield component$Fig.6.10).A magnetic
field, which accelerateshe matterin the outflow, alsobrakesazimuthallythe matter
insidethedisk, by the magnetidorque,andthereforetransfershe angulaiTmomentum
of matter The collimationof theflow in our modelis dueto magnetictension,or the
“hoop” stresswhich is proportionalto Bj) /R, andis alwaysdirectedtoward the axis
of thejet.

In Fig.6.10,shown is alsoa slice of the componenof the Lorentzforce alongthe jet
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Figure6.9: The densityandthe component®f the velocity att=150. Slicein z direction,at
agivenradiusR=15. Thesolid line denoteghe poloidalvelocity, andthe dashedine denotes
thetoroidalvelocity.

propagationat t=150. Inside the disk, the toroidal componentof the Lorentz force

(7 x B), is negative, andnearthe surfaceof thediskit becomespositive. This change
of signis a conditionfor a poloidal accelerationwhich preventsthe decreasingf

velocity.

In our simulation,for a slice at R=15, the toroidal componenbf the Lorentzforce
becomegpositiveinsidethe disk, andthereis no launchingany more. It is becausef
the vertical balanceof the thermalandthe magneticpressuren the disk, which is a
conditionfor thelaunching(Ferreira& Pelletier1995).

In a presentedetupthe magneticdiffusivity is effective only insidethe disk. With a
minor changean theinitial conditions,we performedthe numericalsimulationsof the
resistve accretiondisk and resistve corona. The jet wasaffectedin a way described
in Chapter4, i.e. for amoreresistve coronathejet propagateanoreslowly.

6.3 Summary of the results

Thenumericalsimulationgor the setupwith theturbulent,resistve thin accretiondisk
evolution includedare performed,andthe questionof the jet launchingfrom sucha
disk addressed.Only the presenceof a large scalemagneticfield is requiredas an
initial condition. Thediffusivity is effective only insidethe disk.

Ourresultscanbe summarizedsfollows:

(1) Forourmodelsetupa persistenputflow from thediskin equilibriumis formed.

(2) Thelaunchingof the outflow occursfrom theinner(R<15) portionof thedisk.
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Figure6.10: Vertical profilesof the magneticfield andthe toroidal Lorentzforce at a given
radiusR andat¢=150. Left panel:Component®f themagnetidield; thesolidline denoteghe
poloidal, andthe dashedine denoteghe toroidal component.Slice in z direction,at R=15.
Rightpanel: The toroidal componenbf the Lorentzforce, (j x B)4. Slicein z direction,at
R=5.

(3) Theoutflow resultsin awell collimatedjet insideour computationabox.

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

(5) Thequasi-stationargtateof the outflow is reachedaftert ~ 150.

(6) Thejetradiusis R;~20R;.

Theresultssummarizechereindicatethatin a presentegchemat is possibleto ob-
tainthequasi—stationarjets,consistentith the Ferreira(1997)self-similarsolutions.
The velocity, magneticfield and magnetictorquein our simulationscomply with the
requirement®f thetheoryof axisymmetriccentrifugallydrivendisk wind.

However, theresolutionin our simulationss ratherlow, andthatis why we character

ize our resultsaspreliminary. Also, in three-dimensionaimulationsthe jet becomes
unstablefor the superAlfv énic speedssubjectto nonaxisymmetri&elvin-Helmholz

instability (Ouyedet al. 2003). Therefore the conclusiongandprecautionsgoncern-
ing validity of two-dimensionasimulationsremaineffective.



Summary

In this thesisthe MHD jet formationandthe effectsof magneticdiffusionon the for-
mationof axisymmetricprotostellarets have beeninvestigatedn threedifferentsim-
ulation sets. The time-dependentumericalsimulationshave beenperformed,using
the ZEUS-3Dcode. The principal modelset-upwasfor a jet propagatiorthroughthe
resistivedisk coronaof a centralstarsurroundedby anaccretiordisk. In thesecondset
of simulationswve check(for theidealMHD setup)the possibilityof thejet collimation
by the poloidalmagneticfield only, andin the third setof simulationswe includethe
diskin theresistve MHD simulations.

In thefirst stepwe investigatedheresistve MHD simulationsof jet formation,propa-
gationandcollimationwith a disk asa boundarycondition. Our initial setuphasbeen
for aforce-freemagnetidield in ahydrostatiacoronawith theaccretiordiskincluded
asa fixed boundarycondition. For the disk to be evolvedin time in our simulations
it takes a considerablylonger computationtime, taking into accounta much bigger
diffusivity in thedisk.

In theideal MHD jet simulationsit hasbeenfound thatthe disk outflow evolvesinto
a quasi-stationarystateafter a few hundredsof disk revolutions (Ouyed& Pudritz,
1997). It is not at all obviousthatthe sameshouldoccurin theresistve MHD simu-
lations. Whenthis is the case we cancomparehe resultsof the simulationswith the
stationarystatecomputations.

On the global scaleof our numericalsimulationsthe jet bow shockadvancesslower

throughthe initial hydrostaticcoronafor the resistve jets. However, the velocity of

the matterinsidethe outflow is increasingwith the increasingdiffusivity, leaving the
direction of the velocity vectorsonly slightly changedwhenthe poloidal magnetic
field de-collimatesncreasingly

As thereexists a quasi-stationargtatein our simulationsfor the resistve MHD jet,
it is possibleto develop the modelwhich allows us to explain the jet decollimation
andaccelerationin the contet of Lorentzforces. The entire flow alongthe jet axis
is collimatedby the perpendiculafto the poloidal magneticfield line) componenbf
Lorentzforce, andthe parallelcomponenticcelerateshe flow, increasinglywith the
increasingdiffusivity (Fendt& Cemeljic 2002).

As a propermeasuref thedegreeof collimationwe suggestheratio of the massflux
alongandperpendiculato the jet axis. Thereexists a critical valuefor the magnetic
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diffusivity 7.., whenthe massflow becomesnostlyradially directed.

In thesecondpartof our simulationsananothempproachs investigatedlt is generally
believed that the toroidal componenbf the magneticfield provides substantiaforce
for thecollimationprocessn magneticallydrivenjets. However, in Spruitetal. (1997)
it hasbeenassumedhatthecollimationof thejet is dueto themagnetipressuref the
poloidalmagnetidield of thedisk. In orderto testthisideanumerically we performed
thenumericalsimulationswith theoriginal,idealMHD versionof theZEUS-3Dcode,
settingthe initial stateby JETSETtool (Jggenseret al. 2001). The toroidal compo-
nentof the magnetidield hasbeenartificially setto vanishin the simulationsandthe
effectsof the poloidal componenbf the magneticfield on the outflow have beenin-

vestigated Physically this situationis equialentto aninfinite anisotropicdiffusivity

in thedirectionperpendiculato thedisk surface(Ferreira& Pelletier1995).

In all theinvestigatedconfigurationsfrom the straightlinesof the magnetidield, per
pendicularto the disk surface,via the open(split—-monopole}o the dipole—like mag-
neticfield lines,theaccelerate@nd collimatedflow for thecold coronasimulationsn
theabsencef thetoroidalmagnetidield hasnot beenfound.

The oppositehasbeenfound for the hot coronasimulations whenaccesgo anaddi-
tional sourceof enegy is requiredin the disk corona. In our setup,thesecanresult
in acollimated,acceleratedutflow evenin theabsenc®f thetoroidalmagnetidield.
Theagreemenhasbeenstatedwith Spruitetal. (1997)analyticallyderivedcondition,
thatfor theinitial magneticfield of the disk givenwith B ~ R~#, with ;1 ~1.3,such
outflows couldteminateascollimatedandaccelerated.

Thenext stepin the numericalsimulationsof jet formationis the inclusionof the disk
structurein the simulation. The self-similarsolutionsfor a magnetizedaccretiondisk
driving jet have beengivenin Ferreira(1997),andthe first simulationsof a resistve
accretiordisklaunchingnontransientidealMHD jet have beencarriedoutby Cassek
Keppeng2002).Also in thethird setof numericalsimulationgpresentedh thisthesis,
thedisk-jettransitionhasbeeninvestigatedvith thedisk evolvedin time togethemwith
the outflow. Our resultsresemblethe resultsof Casse& Keppensfrom the paper
mentionedabore.

Thepresencef alargescalemagnetidield hasbeenthe only requirementsaninitial
condition,andwe chooset asaradially stratifiedverticalmagnetidield. Themagnetic
diffusivity profile hasbeentakenwith a Gaussiarprofile, vanishingoutsidethe disk.
The verticaldisk equilibriumandthe Keplerianrotationimposethe constraintfor the
radial densityprofile. A radial equilibriumof the disk is ensuredor a sub-Keplerian
rotationprofile, andtheinitial poloidalvelocity profile hasbeendefinedsolely by the
accretiorratein thedisk, i.e. with aninwardradialvelocity attheouterradialboundary
of thedisk.

The preliminary resultsobtainedin thesesimulationsshaw that the jet is launched
from theinnerportionof thedisk (Cemeljit & Fendt2004). Theoutflow becomesvell
collimatedinsideour computationabox, andthe quasi-stationargtateof the outflow
is reachedafter approximatelyl50 rotationsof the disk at the innerdisk radius. The
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jet radiusis about20R;.

However, it is known thatin three-dimensionadimulationsthe jet becomesunstable
for superAlfv énic speedgOuyedet al. 2003), asit is subjectto nonaxisymmetric
Kelvin-Helmholzinstabilities. Therefore the precautiongoncerningvalidity of two-
dimensionakimulationsremaineffective.

Someof the numericalsimulationspresentedh this thesiscanbeviewedatthe
www.aip.de~miki/jetovi.html.
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Appendix

A.1 Numerical Tests

As we have introducedthe effect of physicalmagneticdiffusivity into theideal MHD

ZEUS-3Dcode,carefultestswerenecessaryo prove ourimplementationln particu-
lar we checledthetime scalesntroducedoy magnetiaiffusionandthebehaior along
the boundariesThe boundaryconditionsfor an axisymmetriget (“outflow”, “inflow

"and “reflecting”) arequite differentfrom whatis e.g.neededn box simulationsused
for otherscientificquestions.

We definedtwo numericaltestsfor our diffusive code.In bothcaseghe codebasically
solvesthe diffusion equation. We obtainedthis limit by settingthe initial densityin

the simulationto arbitrarily large values(herethe normalizedp ~ 10°) effectively
reducingary fluid motionsin our simulations.Thefirst testexampleis the analytical
solution of the diffusion equationin Cartesiancoordinatesthe secondexample an
axisymmetriadorusof purelytoroidalmagnetidield in cylindrical coordinates.

A.1.1 Analytical solution to the diffusion equation

In Cartesiarcoordinateqz, y, z) the solutionof the onedimensionadiffusion equa-
tion for infinite spaces

B.(y,t) = % exp (—%) , (6.6)

with themagnetiadiffusivity n = ¢?/(4wo).

As atestfor our code,we chooseasinitial conditionthe magneticfield B,(z,y) =
B,(y) for a certaintime ¢t = ¢, from Eq.(A.1). For the two-dimensionahumerical
grid we prescribé‘free” (i.e. outflow) boundaryconditionsin z-directionandatime-
varyingfield for theboundariesn y-direction.

Figure A.1 shaw the resultof our simulationsfor the time stepst = t At (At =
0.1,0.2,0.3,0.4) for amagneticdiffusivity n = 1.0 in comparisorwith the analytical
results.As result,we obtaina perfectagreemenibetweerthenumericalsimulationand
theanalyticalsolution.
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FigureA.1: Numericaltestof magnetidiffusion. Grid size50 x 50 elementgor anormalized
physicalgrid 2.0 x 2.0. Leftlsocontoursf the magneticfield strengthB,(z,y) (normalized
units) for differenttime stepst = t, + At, At = 0.0 (solid line), At = 0.1 (dashedine).
Right Normalizedintensity profile of the magneticfield strengthacrossthe two-dimensional
boxalongz = 1 for differenttime stepst = to+ At with At = 0.0,0.1,0.2,0.3 (topto bottom
curwe). Comparisorbetweenthe analyticalsolutionsolid lines andthe numericalsimulation
(dashedines).

FigureA.2: Numericaltestof magnetidiffusionin cylindrical coordinatesGrid size100 x 50
elementdor a normalizedphysicalgrid 10.0 x 5.0. LeftIsocontourf thetoroidalmagnetic
field strengthfor differenttimesteps = to+At, At = 0.0 (solidline), At = 0.1 (dashedine).
Right Normalizedintensity profile of the magneticfield strengthacrossthe two-dimensional
boxalongz = 5 for differenttime stepst = ¢y + At with At = 0.0,0.1,0.2,0.3 (topto bottom
cune).

A.1.2 Toroidal field torus

Here,our aimis to check,how our codetreatsmagneticdiffusionin cylindrical coor
dinates,alongthe outflow boundaryin r-directionandalongthe symmetryaxis. As
initial condition,we defineatorusof toroidalmagnetidield

1 _ 2 _ 2
By(r2 1y =0.1) = - exp (- (r 7"0)4;0(2 %0) ) . (6.7)

Figure A.2 shaw the result of our simulationsfor the time stepst = ¢ At (At =
0.1,0.2,0.3,0.4) for amagneticdiffusivity » = 1.0 in comparisorwith the analytical
results. The simulationshavs how the peakof the field distribution movesslightly
inwardsfrom its initial centralposition asthe field diffuses. Note that asthe field
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diffusesoutwardsthe volume over which the toroidal field is distributed increases.
Thereforehedecreasn field strengthin outwarddirection. Along the symmetryaxis
thefield strengthremainszero,whereaghefield strengthalongthe outflow boundaries
increasesNo boundaryconditionis prescribechere.

Althoughthereis no analyticalsolutionto comparewith, this simulationgivesagain
convincingevidencethatwe properlyincorporatedhemagnetidiffusionin theZEUS-
3D code.



98

Appendix



Bibliography

Andrée P, PhillipsR.B., Lestradel.F, Klein K.L., 1991,DirectVLBI detectionof themagneto-
sphee surroundingtheyoungstar S1in RhoOphiudi, ApJ 376 630

AmbartsumiarV.A., 1954,Comm.BurakanObs.No. 13

AmbartsumianVv.A., 1957,in IAU Symp. No.3, ed. G.H. Herbig, CambridgeUniv. press,
p.177

BalbusS.A.,Hawley J.F, 1991,A powerfullocal shearinstability in weaklymagnetizedlisks.
| - Linear analysis.Il - Nonlinearevolution ApJ376 214

Bally J.,Devine D., 1994 A parsec-scalésuperjet’andquasi-periodicstructue in theHH 34
outflow? ApJ 428 65

BatemanG., 1980,MHD Instabilities CambridgeMIT Press
Bell A.R., LucekS.G.,1995,Magnetohydodynamiget formation MNRAS 277, 1327

BlandfordR.D., ReesM.J., 1974, A 'twin-exhaust' modelfor doubleradio souces MNRAS
169 395

Blandford R.D., Znajek R.L., 1977, Electomaynetic extraction of enegy from Kerr bladk
holes MNRAS 179 433

BlandfordR.D.,PayneD.G., 1982,Hydromayneticflowsfromaccretion discsandthe produc-
tion of radio jets MNRAS 199 883(BP82)

BlandfordR.D., 1993, Bladk Holes, Accretion Disks, and RelativisticJets in Active Galac-
tic Nuclej In: Relatvistic Astrophysicsand Particle Cosmology Akerlof C.W., Sred-
nicki M.A. (eds.),Annalsof the New York Academyof SciencesNew York, New York
Academyof Sciencesf88 311

Blondin J.M., Konigl A., Fryxell B.A., 1989, Herbig-Haio objectsas the headsof radiative
jets ApJ 337, 37

BondH.E.,Livio M., 1990,Morpholaiesof planetarynehulae ejectedby close-binarynuclei
ApJ 355 568

Brandenhrg A., NordlundA., SteinR.F, TorkelssonU., 1995,Dynamo-g@neated Turbulence
andLarge-ScaleMagneticFieldsin a KeplerianShearFlow, ApJ 446 741

Bridle A.H., Perley R.A., 1984,ExtragalacticRadioJets ARA&A 22, 319

99



100 Bibliography

BurgarelaD., Parescd-., 1992, Thestructue of theinnerarcsecondf R Aquarii observedvith
theHubbleSpaceTlelescopeApJ 389 L29

BurnhamS.W, 1890,Noteon Hind’s Variable Nelula in Taurus MNRAS 51, 94

BurnhamS.W, 1894,Pub Lick Obs.2, 175

CabritS., EdwardssS., Strom S.E., StromK.M., 1990, Forbidden-lineemissionand infrared
excessefn T Tauri stars - Evidencdor accrtion-drivenmasdoss? ApJ 354 687

CabritS., André P, 1991, An observationalkconnectionbetweercircumstellardisk massand
molecularoutflows ApJ 379 L25

Camenzind\., 1986, Centrifugally driven MHD-windsin active galactic nuclei A&A 156
137

CamenzindV., 1990,Magnetizedlisk-windsandthe origin of bipolar outflows RvMA 3, 234

CampbellC., G., 1997, Magnetohydodynamicsn binary stars, Astrophysicsand SpaceSci-
encelLibrary, Vol 216,Kluwer AcademicPublishersPordrecht

CantoJ., Tenorio-Tagle G., RézyczkaM., 1988, Theformationof interstellar jets by the con-
vergenceof supesonicconicalflows A&A 192 287

Cassd-, Ferreiral.,2000aMagnetizedaccretion-ejectiorstructues. IV. Magnetically-driven
jetsfromresistive viscous Kepleriandiscs A&A 353 1115

CasseF., Ferreirad., 2000b, Magnetizedaccretion-ejectionstructues. V. Effectsof entiopy
geneation insidethedisg A&A 361, 1178

Cassd-., KeppensR., 2002,MagnetizedAccretion-EjectionStructues: 2.5-dimensionaMag-
netohydodynamicSimulationsof Continuouddeal Jet Laundiing from ResistiveAccre-
tion Disks ApJ 581, 988

Cassd-., KeppensR., 2003, Radiativelyineficient MHD Accretion-EjectionStructues ApJ,
in pressastro-ph/0310322

Cemeljt M., FendtCh.,2004,Launcing of resistivemagneticprotostellarjets StarsasSuns:
Activity, Evolution andPlanetsgeds. A.K. DupreeA.K., BenzA., IAU Symposiumno.
219Proceedingdn pressastro-ph/0311057

Chandrasekhds., 1956,AxisymmetricMagneticFieldsand Fluid Motions ApJ 124 232

ChiuehT., Li Z.-Y., BegelmanM.C.S.,1991,Asymptoticstructue of hydiomagneticallydriven
relativisticwinds ApJ 377, 462

Clarke D.A., NormanM.L., FiedlerR.A., 1994,ZEUS-3DUser Manual
http://zeus.ncsa.uiuc.ed080/Ica/lzeus3/zesR.ps

Contopoulos]., 1994, Magnetically driven relativistic jets and winds: exact solutions ApJ
432 508

Contopoulosl., 1995a Force-free Self-similarMagneticallyDriven RelativisticJets ApJ 446
67

Contopoulosl., 1995b,A SimpleType of Magnetically Driven Jets: an AstrophysicalPlasma



Bibliography 101

Gun ApJ450 616

CourantR., Friedrichsk.O., 1948,Supesonicflow andsho& waves Pureand Applied Math-
ematicsNew York, Interscience

CramptonD., HutchingsJ.B., Cowley A.P., Schmidtle P.C., McGrathT.K., O’'DonoghueD.,
Harrop-Allin M. K., 1996, The Large Magellanic Cloud Supesoft X-Ray Binary RX
J0513.9-6951ApJ 456, 320

CudworthK.M., HerbigG., 1979, Two large-popermotionHerbig-Harm objects AJ 84, 548
CurtisH.D., 1918, Theplanetarynehulag Publ. Lick Obseratories13, 55
DeCampliW.M., 1981, T Tauri winds ApJ 244, 124

DewarR.L., 1970,Interaction BetweerHydromaneticWavesanda Time-Dependerinhomo-
geneousMedium Phys.Fluids 13, 2710

DopitaM.A., Evansl., SchwartzR.D., 1982,Herbig-Hamo Objects46 and 47 - Evidencefor
bipolar ejectionfroma youngstar, ApJ 263 L73-L77

DopitaA., 1978, TheHerbig-Ham objectsin the GUM Nehula, A&A 63, 237

DopitaA., 2002,Spectal Signatuesof Jet-DrivenSho&sin ActiveGalacticNuclej In: Emis-
sion Lines From JetRows, eds. R.J. Henng, W. Stefen, A.C. Ragaand L. Binette,
RevMexAA (Seriede Conferencias)3, 177

EdwardsS., CabritS., StromS.E.,Heyer ., StromK.M., AndersonE., 1987, Forbiddenline
and H-alphaprofilesin T Tauri star specta - A probe of anisotiopic massoutflowsand
circumstellardisks ApJ, 321, 473

EdwardsS.,RayT., MundtR., 1993,Enegetic massoutflowsfromyoungstars, In: Protostars
andplanetdll, eds.E. Levy & J.C.Lunine, TucsonUniv. of ArizonaPress)p. 567

EikenberryS.S. MatthevsK., MorganE.H.,RemillardR.A., NelsonR.W., 1998,Evidenceor
a Disk-EtInteractionin the MicroquasarGRS1915+105 ApJ, 494, L61

Eisloffel J.,MundtR., 1997 ,Parsec-ScaldetsFrom YoungStars, AJ, 114, 280
EichlerD., 1993,MagneticConfinemenof Jets ApJ,419 111

EvansC.R., Hawley J.F, 1988, Simulationof magnetohydodynamicflows - A constained
transportmethod ApJ, 332 659

FenderR. P, Poolegy G.G., BrocksoppC., Newell S.J.,1997, Rapidinfrared flaresin GRS
1915+105:evidencefor infrared syndirotron emissionMNRAS 290, L65

FendtCh., ElstnerD., 2000, Long-termevolution of a dipole type magnetospher interacting
with an accretion disk. Il. Transitioninto a quasi-stationarysphericallyradial outflow
A&A 363 208(FE00)

FendtCh., Cemeljt M., 2002, Formation of protostellarjets - efectsof magnetic diffusion
A&A 395 1045(FC02)

FerrariA, MelroseD.B., 1997, Particle accelertion and enegy spectr in extragalactic ra-
diosouces Vistasin Astronomy41, 259



102 Bibliography
FerraroV.C.A, 1937, Thenon-uniformrotation of the Sunandits magneticfield, MNRAS 97,
458

Ferreirald., Pelletier G., 1993a,Magnetizedaccretion-ejectionstructues. |. Geneal state-
ments A&A 276 625

Ferreiral., PelletierG., 1993b,Magnetizedaccretion-ejectionstructues. 1. Magneticchan-
nelingaroundcompactbjects A&A 276 637

Ferreiral., PelletierG., 1995,Magnetizedaccretion-ejectiorstructues. lll. Stellarand extra-
galacticjetsasweaklydissipativedisk outflows A&A 295 807

Ferreiral.,1997,Magnetically-drivenetsfrom Keplerianaccretiondiscs A&A 319 340

FlemingT.P, StoneJ.M., Hawley J.F, 2000, The Effectsof Resistivityon the Nonlinear Stage
of the Magnetootational Instability in AccretionDisks ApJ 530, 464

FrankJ., King A.R., RaineD.J., 1985, Accretion Power in Astrophysics CambridgeUniv.
Press

FrankA., MellemaG., 1996,HydrodynamicaModelsof OutflowCollimationin YoungStellar
Objects ApJ472 684

FrankA., GardinerT.A., DelemartelG., Lery T., Betti R., 1999,AmbipolarDiffusionin Young
StellarObjectJets ApJ 524 947

GammieC.F, Balbus S.A., 1994, Quasi-GlobalLinear Analysisof a MagnetizedDisc, MN-
RAS 270, 138

GilhamsS.,1981,Scale-feeaxisymmetri@ccretion with weakviscosity MNRAS 195 755

GreinerJ.,MorganE.H., RemillardR.A., 1996,RossiX-RayTiming Explorer Observation®f
GRS1915+105 ApJ 473 L107

GoodsonA.P, Winglee R.M., Bohm K.-H., 1997, Time-dependenfccretion by Magnetic
YoungStellarObjectsasa Launding Medcanismfor Stellar Jets ApJ 489 199

GoodsorA.P.,, BohmK.-H., WingleeR.M., 1999, Jetsfrom Accreting Magnetic Young Stellar
Objects. I. Comparisonof Observationsand High-ResolutionSimulationResults ApJ
524, 142

GoodsonrA.P, WingleeR.M., 1999, Jetsfrom Accreting Magnetic Young Stellar Objects. Il.
MedanismPhysics ApJ 524, 159

HaroG., 1952,Herbig’s NelulousObjectsNearNGC 1999 ApJ 115 572
HaroG., 1953,Ha; EmissionStais and Peculiar Objectsin the Orion Nehula, ApJ 117, 73

HartiganP,, MorseJ.A.,RaymondJ, 1994, Mass-losgates,ionizationfractions,shod veloci-
ties,andmagneticfieldsof stellar jets ApJ436 125

HasingerG., 1994,Supesoft X-RaySouces RvMA 7, 129

Hawley J.F, 1995, Local Three-dimensionaWlagnetohydodynamicSimulationsof Accretion
Disks ApJ44Q 742



Bibliography 103
Hawley J.F, Stonel.M.,1995 MOCCT. Anumericaltechniquefor astrophysicaMHD, CoPhC
89, 127

HayashiM.R., ShibataK., MatsumotoR., 1996, X-RayFlaresand MassOutflowsDriven by
MagneticInteractionbetweera Protostarandlts SuroundingDisk ApJ 468 L37

HeathcoteS., ReipurthB., 1992, Kinematicsand evolution of the HH 34 comple, AJ, 104
2193

HenriksenR.N., Raylurn D.R., 1971, Relativisticstellar wind theory: 'Near'’zonesolutions
MNRAS, 152 353

Herbig G.H., 1950, TheSpectrunof the Nelulosity SuroundingT Tauri, ApJ, 111, 11
HerbigG.H.,1951, TheSpecta of Two NelulousObjectsNearNGC 1999 ApJ, 113 697
HerbigG.H.,1974,Lick Obs.Bull. No. 658

Herbig G.H., JonesB.F., 1981, Large proper motionsof the Herbig-Haro objectsHH 1 and
HH 2, AJ, 86, 1232

HeyvaertsJ.,NormanC.A., 1989, Thecollimationof magnetizedvinds ApJ, 347, 1055

HollenbachD.J., 1997, The Physicsof Molecular Sho&s in YSOOutflows In: Herbig-Haro
Flows andthe Birth of Stars;IAU SymposiumNo. 182, Eds. Bo Reipurthand Claude
Bertout,Kluwer AcademicPublishers19971AUS, 182 181

JogenserM.A.S.G.,OuyedR., ChristenseiM., 2001, Initial magneticfield configuationsfor
3-dimensionasimulationsof astiophysicaljets A&A, 379 1170

JunorW., BirettaJ.A. J.,1995, Theradiojet in 3C274at 0.01PCresolution AJ, 109 500

KahabkaP., TrumperJ.,1996,SupesoftROSAT Soucesin theGalaxies In: vandenHeuwel E.PJ.,
van ParadijsJ. (eds.),IAU symposiuml165 proceedingsKluwer AcademicPublishers,
DordrechtJAUS 165 425

Kato S.X., KudohT., ShibataK., 2002, 2.5-dimensionaNonsteadyMagnetohydodynamic
Simulationsof MagneticallyDriven Jetsfrom GeometricallyThin Disks ApJ, 565 1035

Kepnend.,HartiganP, YangC., 1993,HubbleSpaceTlelescopemagesof the Subacsecondet
in DG Tauri, ApJ, 415 L119

Konigl A., 1986,Stellarandgalacticjets- Theoetical issuesCan.J. Phys.,64, 362
Konigl A., 1989,Self-similarmodelsof magnetizedaccretiondisks ApJ, 342 208

Konigl A., RudenS.R, 1993, Origin of outflowsand winds In: Protostarsand planetslil,
Levy E.H, LunineJ.l. (eds.),Univ. of ArizonaPress641

Krasnolpolsk R., Li Z.-Y., BlandfordR., 1999, MagnetocentrifugalL.aunding of Jetsfrom
AcctetionDisks.l. Cold Axisymmetrid=lows ApJ, 526 631

KudohT., ShibataK., 1997, Magnetically Driven Jets from Accretion Disks. Il. Nonsteady
Solutionsand Comparisorwith SteadySolutions ApJ, 476, 632

KudohT., MatsumotoR., ShibataK., 1998, Magnetically Driven Jetsfrom Accretion Disks.



104 Bibliography

[ll. 2.5-dimensionaNonsteadySimulationsor Thick Disk Case ApJ, 508 186

Kuker M., HenningT., Rudiger G., 2003, Magnetic star-disk couplingin classical T Tauri
systemsApJ, 589 397

Kuwabararl., ShibataK., KudohT., MatsumotoR., 2000,ResistiveMagnetohydodynamicof
Jet Formationand MagneticallyDriven Accretion PASJ,52, 1109

LadaC.J.,1985,Cold outflows,enegetic winds,and enigmaticjets aroundyoungstellar ob-
jects ARA&A, 23, 267

Li Z.Y., ChiuehT., BegelmanM.C., 1992 Electomagneticallydrivenrelativisticjets- A class
of self-similarsolutions ApJ 394, 459

Li Z.Y., 1995, Magnetohydodynamicdisk-windconnection:Self-similarsolutions ApJ 444,
848

Li Z.Y., ChevalierR.A., 2001,Wind Interaction Modelsfor the Afterglowsof GRB991208and
GRB000301C ApJ551, 940

Livio M., PringleJ.E.,1996, The Formationof Point-symmetridNehulag ApJ 465 L55

Livio M., 1997, The Formationof AstrophysicalJets In: AccretionPhenomenandRelated
Outflows, eds. D. T. Wickramasinghe(. V. Bicknell, andL. Ferrario,IAU Colloquium
163. ASP ConferenceSeries 121, 845

Livio M., 1999, Astiophysicaljets: a phenomenolgical examinationof acceleation and col-
limation, PhR,311, 225

LopezR.,RagaA., RieraA., AngladaG., EstalellaR., 1995, Theextendedstructue of the HH
30jet andotherHerbig-Haio objectsin the HL Tauri region, MNRAS, 274, L19

LovelaceR.V.E., 1976,Dynamomodelof doubleradio sources Nature,262 649

LovelaceR.V.E., MehanianC., Mobarry C.M., SulkanenM.E., 1986, Theoryof axisymmetric
magneto-hydodynamidlows In: Magnetospheriphenomenin astrophysicaNew York,
Americaninstituteof Physics 291

LovelaceR.V.E.,WangJ.C.L.,SulkanenM.E., 1987,Self-collimateclectomagneticjetsfrom
magnetizedaccretiondisks ApJ, 315 504

LovelaceR.V.E., Berk H.L., Contopoulos]., 1991, Magneticallydriven jets and winds ApJ,
379 696

LustR., Schiuter A., 1954, Kraftfreie Magnetfelder Mit 4 Textabbildungn Zeitschrift fur
Astrophysik,34, 263

Lynden-BellD., PringleJ.E.,1974,Theevolutionof viscousdiscsandtheorigin of thenehular
variables, MNRAS, 168 603

Lynden-BellD., 1978,Gravity power, PhyS,17, 185
MargonB., 1984,0bservation®f SS433 ARA&A, 22, 507

Marti J., RodriguezL.F., ReipurthB., 1993, HH 80-81: A Highly CollimatedHerbig-Haro
Comple Poweredby a MassiveYoungStar, ApJ,416 208



Bibliography 105
MatsumotoR., TajimaT., 1995,Magneticviscosityby localizedshearflow instability in mag-

netizedaccretiondisks ApJ, 445 767

MatsumotoR., UchidaY., Hirose S., ShibataK., HayashiM.R., FerrariA., Bodo G., Nor-
mancC., 1996,RadioJetsandthe Formationof ActiveGalaxies:Accretion Avalandeson
theTorusbythe Effectof a Large-ScaleMlagneticField, ApJ, 461, 115

McKeeC.F, HollenbachD.J.,1980,Interstellar shok waves ARA&A, 18, 219
MestellL., 1961,A noteon equatorialacceleation in a magneticstar, MNRAS, 122 473
MestelL., 1968,Magneticbrakingby a stellarwind-I, MNRAS, 138 359

Michel F.C.,1969,Relativisticstellarwind torques ApJ 158 727

Miller K.A., StoneJ.M., 1997,MagnetohydodynamicSimulationsof StellarMagnetosphes—
AcctetionDisk Interaction ApJ, 489, 890

Miller K.A., StoneJ.M., 2000, TheFormationand Structue of a Strongly MagnetizedCorona
above a WeaklyMagnetizedAccretion Disk, ApJ, 534, 398

Mirabel I.F., RodiiguezL.F., 1995, Superluminalmotionsin our Galaxy, In: BohringerH,
Morfill G.E., Trumper(eds.),17th Texas Symposiumon Relatvistic Astrophysicsand
CosmologyAnnalsof the New York Academyof Science/59 21

MorseJ.A.,HartiganP, CecilG.,Raymond].C.;Heathcotes.,1992, Thebowshodk andMach
diskof HH 34, ApJ, 399 231

Morsed.A.,HartiganP,, Heathcotes.,Raymond].C.,Cecil G., 1994, Farby-Rerot observations
andnewn modelsof theHH 47AandHH 47D bowshodksApJ, 425 738

MouschwiasT.Ch.,PaleologolE.V., 1980,Magneticbrakingof analignedrotator during star
formation: an exact, time-dependergolution ApJ, 237, 877

MundtR., 1985,In: ProtostarandPlanetdl, ed. D. Black. Tucson,Univ. Ariz. Press1985

Mundt R., Brugel E.W,, Buehrle T., 1987, Jets from youngstars - CCD imaging, long-slit
spectoscopyandinterpretationof existingdata, ApJ, 319 275

MundtR., Buihrke T., Solf J.,Ray T.P, RagaA.C., 1990, Optical jets and outflowsin the HL
Tauri region, A& A, 232 37

NarayanR., Yi |., 1995 ,Advection-dominatedccretion: Self-similarityand bipolar outflows
ApJ,444 231

NormanM.L., Winkler K.-H.A., SmarrL., SmithM.D., 1982, Structue and dynamicsof su-
personicjets A&A, 113 285

OguraK., 1995,Giantbowshod pairs associatedvith Herbig-hao jets Ap& SS,224 151

OuyedR., PudritzR.E., 1997a,Numericalsimulationsof astiophysicaljets from Keplerian
disks.l. Stationarymodels ApJ, 482 712 (0OP97)

OuyedR., PudritzR.E., 1997b,Numerical Simulationsof AstrophysicalJetsfrom Keplerian
Disks.ll. EpisodicOutflows ApJ, 484, 794



106 Bibliography
OuyedR., Clarke D.E., PudritzR.E.,2003, Three-dimensionasimulationsof jetsfrom Keple-
rian disks: Self-iegulatory stability, ApJ, 582 292

PadmanR., LasenbyA.N., GreenD.A., 1991,in PA. Hughes(ed.),BeamsandJetsin Astro-
physics,CambridgaJniv. Pres{CambridgeAstrophysicsSeries,19)

Pakull M.W., 1994, privatecommunicationreferencedn Livio (1999).

PelletierG., PudritzR.E., 1992, Hydromagneticdiskwindsin youngstellar objectsandactive
galacticnuclei ApJ,394 117

PittsE., TaylerR.J.,1985, Theadiabaticstability of stars containingmagneticfields.lV - The
influenceof rotation ApJ, 216 139

PoetzelR., Mundt R., Ray T.P, 1989,Z CMa - A large-scalehigh velocity bipolar outflow
tracedby Herbig-Haro objectsanda jet, A&A, 224 L13

PollaccoD.L., Bell S.A.,1996,privatecommunicationgytedin Livio 1999.

Poolyy G.G.,FenderR.R, 1997, Thevariableradio emissionfrom GRS1915+105 MNRAS,
292 925

PudritzR.E.,NormanC.A., 1983,Centrifugallydrivenwindsfromcontractingmoleculardisks
ApJ,274 677

PudritzR.E., 1985, Starformationin rotating magnetizednoleculardisks ApJ,293 216

PudritzR.E.,NormanC.A., 1986,Bipolar hydiomagneticwindsfromdisksaroundprotostellar
objects ApJ, 301, 571

Ray T.P, Mundt R., DysonJ.E., Falle S.A.E.G.,RagaA.C., 1996, HST observationof jets
fromyoungstars,ApJ, 468 L103

Ray T.R, Muxlow T.W.B., Axon D.J., Brown A., CorcoranD., DysonR., Mundt R., 1996,
Large scalemagneticfieldsin the outflowfromthe youngstellar objectT Tauri SNature,
385 415

RagaA.C., CantoJ., CabritS., 1998, Working surfacesin radiative non-tophat jets A&A,
332714

ReipurthB., HeathcoteS., 1997,In: Herbig-Haroflows andthe birth of low massstars,|AU
182,eds.B. Reipurth& C. Bertout,3

ReipurthB., Heathcotes., 1992, Multiple bowshodksin the HH 34 systemA&A, 257, 693

Romanea M.M., Ustyugwa G.V., KoldobaA.V., ChechetkinV.M., LovelaceR.V.E., 1997,
Formationof StationaryMagnetohydodynamicOutflowsfroma Disk by Time-dependent
SimulationsApJ, 482 708

SafierP.N., 1998,A Critique of CurrentMagnetic-AccetionModelsfor ClassicalT Tauri Stars,
ApJ, 494 336

SafierPN., 1999,A PhysicalLimit to the MagneticFieldsof T Tauri Stars, ApJ,510 L127

SakuraiT., 1985, Magnetic stellar winds- A 2-D genealization of the WeberDavis mode)
A&A, 152 121



Bibliography 107

SchwartzR.D., 1975,T Tauri Nelulae and Herbig-Haio Nelulae - Evidencefor excitation by
a strongstellarwind, ApJ, 195 631

ShakuraN.l., Suryaer R.A., 1973,Blad holesin binary systemsObservationabppeaance
A&A, 24,337

ShibateK., UchidaY., 1985,A magnetodynamienedanismfor the formationof astiophysical
jets.| - Dynamicaleffectsof the relaxationof nonlinearmagnetictwists PASJ, 37, 31

ShibataK., Uchiday., 1986,A magnetodynamienedanismfor theformationof astrophysical
jets. Il - Dynamicalprocessedn the accretion of magnetizedmassin rotation, PASJ, 38,
631

ShuF, Najita J., Ostriker E., Wilkin F., RudenS., Lizano S., 1994, Magnetocentrifugail
drivenflowsfromyoungstars anddisks.1: A genealizedmode] ApJ,429 781

SouthwellK.A., Livio M., CharlesPA., O'DonoghueD., Sutherland/.J.,1996, The Nature
of the Supesoft X-RaySouce RXJ0513-69ApJ, 470, 1065

SpruitH.C.,1994,In: CosmicalMagnetismLynden-BellD. (ed.),Kluwer, Dordrecht,p.33

SpruitH.C., FoglizzoT., StehleR., 1997, Collimation of magneticallydrivenjetsfrom accre-
tion discs MNRAS, 288 333(S97)

Stanle T., McCaughreaiM.J., Zinnecler H., 1999,HH 46/47: Alsoa parsecscaleflow, A&A,
350 L43

StewvartJ.M., 1975, TheHydrodynamicof AccretionDiscsl, A&A, 42,95

StawvartR.T., CaswellJ.L., HaynesR.F, NelsonG.J.,1993,Circinus X-1 - A runawaybinary
with curvedradio jets MNRAS, 261, 593

StoneJ.M., NormanM.L., 1992a,ZEUS-2D: A radiation magnetohydodynamicscode for
astophysicalflowsin two spacedimensionsl| - Thehydiodynamicalgorithmsandtests,
ApJS,80, 753

StoneJ.M., NormanM.L., 1992b,ZEUS-2D:A RadiationMagnetohydodynamicsCodefor
AstrophysicalFlowsin Two SpaceDimensionsll. TheMagnetohydodynamicAlgorithms
andTests, ApJS,80, 791

StoneJ.M., NormanM.L., 1994a,Numericalsimulationsof magnetic accretion disks ApJ,
433 746

StoneJ.M., NormanM.L., 1994b,Numericalsimulationsof protostellarjets with nonequilib-
rium cooling 3: Three-dimensionalesults ApJ, 420 237

StromJ.M.,vanParadijsJ.,vanderKlis M., 1989,Discovery of a doubleradio souice associ-
atedwith CygnusX-3, Nature, 337, 234

SuttnerG., SmithM.D., Yorke H.W., Zinnecler H., 1997 ,Multi-dimensionalnumericalsimu-
lationsof molecularjets A&A, 318 595

Tayler R.J., 1980, The adiabatic stability of stars containing magnetic fields. 1V - Mixed
poloidalandtoroidal fields MNRAS, 191, 151



108 Bibliography

Toth G., 1996,A Genenl Codefor ModelingMHD Flows on Parallel Computes: \ersatile
AdvectionCode Astrophys.Lett., 34, 245

ToutC.A., PringleJ.E.,1996,Cana discdynamaogeneate large-scalemagneticfields? MN-
RAS, 281, 219

TrammellS.R,GoodrichR.W., 1996,Hubble SpaceTelescopeand Ground-basedmaging of
the Bipolar Proto—PlanetaryNehula M1-92: Evidencefor a Collimated Outflow, ApJ,
468 L107

UchidaY., ShibataK., 1985,Magnetodynamicahcceleation of CO andoptical bipolar flows
fromtheregion of star formation PASJ, 37, 515

Ustyugwa G.V., KoldobaA.V., Romanea M.M., ChechetkinV.M., LovelaceR.V.E., 1995,
Magnetohydodynamicsimulationsof outflowsfromaccretiondisks ApJ, 439 L39

vanLeerB., 1974, Towardsthe ultimateconservativalifferencescheme:2) monotonicityand
conservatiorcombinedn a second-ader schemel. Comput.Phys. 14, 361

v.Relowski M., RudigerG., ElstnerD., 2000,Structue and magneticconfiguationsof accre-
tion disk-dynamanodels A&A, 353 813

Wardle M., Konigl A., 1993, The structue of protostellar accretion disksand the origin of
bipolar flows ApJ, 410, 218

WangJ.C.L.,SulkanerM.E., LovelaceR.V.E.,1990,Self-collimatecelectomagneticjetsfrom
magnetizedaccretiondisks- Theeven-symmetrgase ApJ, 355 38

WangJ.C.L., SulkanenM.E., LovelaceR.V.E., 1992, Intrinsically asymmetricastiophysical
jets ApJ, 390, 46



Acknowledgments

It is my pleasurdo thank,onceagain,the peoplewho madethis work possible.Dr. Ch. Fendt
andProf. G. Rudigerin thefirst place for giving methe opportunityfor it.

Ms. AndreaTrettin, the goodspirit of hausB6, “Direktorengebaudein AlP, andall the MHD
groupwerealwaysreadyto help.

All the friendsfrom the beautifulinternationalroom 21 in B6, andfriends suchas Christian
Fendt,RainerArlt andKarl-HeinzBoningmanagedo transpose¢hetime in AIP into a private
dimension.Over threeandhalf yearsthey helpedto make Potsdanoneof “my” cities.

Friendsandfamily from all aroundthe world areanimportantpart of my Universe. Without
their supportmy playingthe Sciencegamewould simply andinterminablybe a fail.

109



	Title page
	Contents
	Introduction
	1 Astrophysical outflows: The disk-jet paradigm
	1.1 Protostellar jets
	1.2 Jets in other astronomical objects
	1.3 Jet formation - a magnetohydrodynamical process
	1.4 Magnetic driven outflows
	1.5 Origin of magnetic field
	1.5.1 External field
	1.5.2 Field produced locally

	1.6 Jet propagation

	2 Theoretical conjecture
	2.1 Resistive magnetohydrodynamics
	2.1.1 Ohm’s law
	2.1.2 Induction equation
	2.1.3 Equation of motion
	2.1.4 Turbulent magnetic diffusion

	2.2 Conservation laws of stationary ideal MHD
	2.3 The code: ZEUS-3D

	3 Model of MHD jet formation
	3.1 Self-similar models of jet launching
	3.1.1 Blandford & Payne solution

	3.2 Disk-jet connection: Stationary solutions
	3.3 Critical surfaces in the outflow
	3.4 Mass flow rates in jet-disk system
	3.5 MHD of jet formation
	3.5.1 MHD simulations of disk and jet
	3.5.2 The accretion disk as a boundary condition

	3.6 Collimation by poloidal magnetic field

	4 Resistive MHD simulations of astrophysical jet formation
	4.1 Magnetic jet from accretion disk
	4.1.1 Resistive MHD simulations
	4.1.2 Initial and boundary conditions
	4.1.3 Turbulent magnetic diffusivity

	4.2 Computational grid
	4.3 The jet evolution
	4.3.1 Evolution of the inner jet
	4.3.2 Quasi-stationarity of inner jet
	4.3.3 Jet velocity and collimation
	4.3.4 Mass and momentum fluxes

	4.4 Lorentz forces in the jet
	4.5 Summary of the results

	5 Numerical simulations of jet formation without toroidal magnetic field
	5.1 Instability of toroidal fields
	5.2 Collimation by poloidal magnetic field
	5.3 Initial and boundary conditions
	5.4 Variation of the parameter My
	5.5 Summary of the results

	6 Numerical simulations of the disk-jet transition
	6.1 Model setup
	6.1.1 Boundary and initial conditions
	6.1.2 Density profile
	6.1.3 Velocity profile
	6.1.4 Magnetic field
	6.1.5 Magnetic diffusivity

	6.2 Disk-jet connection
	6.2.1 Initial configuration
	6.2.2 Jet launching
	6.2.3 Disk-jet evolution

	6.3 Summary of the results

	Summary
	Appendix
	A.1 Numerical Tests
	A.1.1 Analytical solution to the diffusion equation
	A.1.2 Toroidal field torus

	Bibliography

