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Preface

In thisHabilitation Thesisl discussaselectiorof my scientificpapergpublishedn the
years1996to 2002 (in Astonomyé& Astrophysic$ exploring the theoryof astrophysical
jet formation. The spatialregion underconsiderations the innermost- obsenrationally
notresohed— region of thejet origin. As thejet phenomenotis anuniversalfeatureob-
senedin avarietyof astronomicasourcesadiscussiorshouldconsideall thesedifferent
astrophysicabbjects- youngstars,microquasarandactive galacticnuclei.

The puzzleof (magnetohydrodynamiggt formationis rathercomplex andary the-
oreticalapproachto it requirescertainsimplifications. My paperson this topic canbe
dividedinto threecatayories,

e stationarymagnetohydrodynamilativistic jets,
¢ time-dependenhagnetohydrodynam&gimulations,

e obsenationallyrelatedtheory parametestudies.

Clearly, sucha distinctioncannotnot be a strict one. Stationarymodelsmay usedas
initial conditionfor the simulations- andsometimeshaow up in theendof thelong-term
time-dependengvolution. Parameteestimatesareessentialn the caseof a modelsetup
which cannot(yet) be treatednumerically As a link betweentheory and obsenations
this might help usto definepropermodelconstraintdor the numericalcalculations put
may alsoprove the outcomeof the numericalresults.In theend,thelong lastingquestion
of astrophysicajet formation canonly be answeredrom a combinedeffort in all the
differentapproaches.

Theresearclpresentedh thisthesishasbeencarriedoutatseveralscientificinstitutes,
namelythe Landessternwarteleidelbeg, Lund Observatoryandthe Astrophysikalisbes
Institut Potsdam | acknavledgethe hospitality of all theseinstitutionsand the great
friendshipto someof my colleagues.| alsolike to thankall my collaboratordor their
helpandsupport-thosewho appeaasco-authorsandalsothe othersremainingprobably
invisible, but having contritutedalsoalot astechnicalandadministratve staf.






Formation of astrophysical jets

Abstract

Highly collimated,high velocity streamsof hot plasma— the jets— areobsenedasa
generaphenomenobeingfoundin avarietyof astrophysicabbjectsregardingtheir size
andenegy output.Known asjet sourcesareprotostellarobjects(T Tauristars,embedded
IR sources)galactichigh enegy sources(“microquasars”),and active galacticnuclei
(extragalacticadiosourcesandquasars).

Within thelasttwo decade®ur knowledgeregardingthe processesvolvedin astro-
physicaljet formationhascondensedn a kind of standad model This is the scenario
of a magnetohydodynamicallyacceleratedndcollimatedjet streamlaunchedirom the
innermostpartof anaccretiondisk closeto the centralobject.

Traditionally, the problemof jet formationis divided in two catejories. Oneis the
guestionhow to collimate andacceleratean uncollimatediow velocity disk wind into a
jet. Theseconds the questionhow to initiate that outflow from a disk, i.e. how to turn
accretionof matterinto anejectionasadisk wind. My own work is mainly relatedto the
first questionthecollimationandacceleratiomprocess.

Due to the compleity of both,the physicalprocesse$elievedto be responsibldor
the jet launchingandalsothe spatialconfigurationof the physicalcomponent®f the jet
source the enigmaof jet formationis not yet completelyunderstood On the theoretical
side,therehasbeena substantiahdvancementluringthelastdecaddrom purely station-
ary modelsto time-dependensimulationslead by the vastincreaseof computerpower.
Obseners,onthe otherhand,do notyet have theinstrumentsathandin orderto spatially
resole obsene thevery jet origin.

It canbe expectedthat alsothe next yearswill yield a substantiaimprovementon
both tracksof astrophysicatesearch.Three-dimensionainagnetohydrodynamisimu-
lationswill improve our understandingegardingthe jet-disk interrelationandthe time-
dependentharactenf jet formation,thegeneratiorof themagnetidield in thejet source,
andtheinteractionof thejet with theambientmedium.Anotherstepwill bethecombina-
tion of radiationtransfercomputation@andmagnetohydrodynamiimulationsproviding
adirectlink to the obsenations. At the sametime, a new generatiorof telescopegVLT,
NGST)in combinationwith new instrumentatechniqueglIR-interferometry)will leadto
a“quantumleap” in jet obsenation, asthe resolutionwill thenbe sufficientin orderto
zoominto theinnermostregion of jet formation.
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Chapter 1
Intr oduction

Astrophysicajetsaredefinedashighly collimatedplasmastreamf highvelocity. These
characteristicaare obsenationally detectedas elongatedimage of the outflow feature
togetherwith Doppler shiftedemissionlines or the proper motion of resohed jet sub-
structurest. Jetsare obsened asa commonphenomenorto be found amongin rather
differentastronomicabbjectsconcerningheir sizeandenegy output— protostarsgalac-
tic high enegy sourcesactive galacticnuclei and probablyalsoin gammaray bursts.
Dependingon the jet source,the obsened jet velocity rangesfrom several 100km/s to
apparentlysuperluminabpeed.

Yearsof obsenationsand theoreticalinvestigationshave leadto a kind of standard
modelfor jet formation. Besideghe cornventionalcharacteristicef collimationandhigh
velocity, the crucialjet propertiescanbe summarizedsfollows.

e Astrophysicajetsemanatdrom accretiondisksources.
e Astrophysicaletsaremagnetized

e Astrophysicaljets arehuge — with jet radii up to 1000timesthe sizeof the central
object.

Thefactthatjetsareobsenredin differentclasse®f astrophysicabbjectsis animportant
constraintfor ary jet formationmodel. Certainly onecansupposehatthe jet launching
mechanisms the samein all thesesources.Indeed,mostof the theoreticalmodelsso

far allow for a“scaling” of the parameter# orderto applythe modelto the differentjet

sourcesGenerallyspeakingjetsoriginatefrom theinnermostartof a complex scenario
consistingof the centralbody (the “star”) andthe surroundingaccretiondisk, coupled
by magneticfields. | like to point out the hypothesighat jets canonly be formedwhen
that stardisk-jet systemis highly axisymmetric This might explain why other highly

magnetizedtarssurroundedy accretiondisksascataclysmiovariablesor someneutron
starsdo not have jets. The essentiahspectsnvolvedin thejet formationmechanisntan
be summarizedsfollows.

1| suggesthatboth characteristideatures- collimation and velocity — mustbe obserationally indicatedin order
to announce certainobjectasa jet
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A sufficiently strongmagneticfield is provided by the “star’-disk system(either
generatedby a dynamoprocessr adwectedby the accretiondisk).

e The“star’-disk systemalsodrivesanelectriccurrent

e Thematerialaccretedwithin thedisk s lifted from the disk surface,couplesto the
magnetidield andbecomesjectedasawind.

e Thediskwind is initially accelerateanagneto-centrifugally acceleatedmagneti-
cally, i.e. by corversionof Poynting flux to kinetic enepy.

¢ Inertialforcesin thewind flow will “bend” the poloidalmagnetidield (i.e. thefield
alongthe meridionalplaneincludingthejet axis)in toroidaldirection.

e Theexistenceof atoroidalmagneticiield componenteadsto Lorentzforceswhich
furtheracceleratehe wind andeventuallycollimatethe flow into the narrav beam
of ajet.

e Theplasmavelocity subsequentlgxceedghe speedf themagnetosonigvaves.In
the fastmagnetosonicegime the flow is causallydecoupledrom outerboundary
conditions.

e Wherethe jet meetsthe interstellarmedium(ISM), a shok develops,thermalizing
thejet enegy. Also, theelectriccurrentis closedvia the bow shock,andthejet net
currentreturnsto the sourceof the currentvia the ISM.

Although this scenariois acceptechowadaysasthe generalpicture of astrophysicajet
formation, thereare still mary openquestionswhich have not yet beenable to proof
theoreticallyaswell asobsenationally.

The maindifficulty concerninga theoreticalapproachs the factthatthe presencef
magneticforcesdoesnot allow for a simpleone-dimensionareatmenibf the equations
(ase.g. for the casewhenonly gravity andgaspressurevould be important). Further
thecomplex geometryof thejet sourceconsistof threeratherdifferentcomponents-the
(small)centralbody, thesurroundingaccretiordisk andthejet itself —all connectedby the
magnetidield. Thehugesizeof thejetscomparedo thecentralsourcedoesnotallow for
numericakimulationsontheglobalscaletogethemwith, atthesameime, consideringlso
theinnerregion of jet formationwith therequirednumericalresolution.With a stationary
approactsucha globaltreatmenbecomedgeasible.However, othertechnicaldifficulties
ariseandall stationarysolutionspublishedso far rely on farreachingsimplificationsas
e.g. self-similarity, force-freenes®r other Obviously, they cannotexplain ary time-
variablebehaior.

As it is the accretiondisk which is most probablythe ultimate sourceof the jet, it
would be desirableto consideralsothe disk evolution for the treatmentf jet formation.
However, sincethetime scalesandphysicalpropertiesn disk andjet aretoo different,a
combinednumericaltreatmenis notyet possibleto do.

In thisthesisl will summarizevhatl believe arethe mostimportantstepstowardsthe
currentunderstandin@f astrophysicajets. In particular | will only discusghe issueof



jet formation— the acceleratiorof matterandthe collimation of the massflow. 1t is, of
coursenotpossibleo coverall topicswhichcomealongwith thesubjectof astrophysical
jets. Evenfor the specificsubjectof jet formationitself, a wealthof literatureis waiting.
Thereareobsenationalandtheoreticalpaperdor variousclassef objectsandalsofor
certainspecificsourcegshemself. | will not discussthe issueof radiationmechanisms
in jets — shockmodels,forbiddenline emission,radiationtransport,synchrotronemis-
sion, Comptonscatteringetc. Theseprocesseareexpectedto be notimportantfor the
jet dynamicsin region closeto the source(althoughthereare probablyimportantfor the
interpretatiorof the obseneddata). Nor will | discusshe problemof jet stability which
is relatedto the alreadyevolved,“asymptotic”region of thejet, i.e. for the alreadycolli-
matedandacceleratedlow far avay from its source.The presencef anaccretiondisk
seemso bethefundamentaingredientfor jet formation. However, this subjectis aneven
moreextensve topic in the literatureandl will only discusssuchwork which is closely
relatedto thejet formation.Not muchis known abouttheinteractionbetweerthe jet and
the disk — the launchingmechanisnof the time-dependengt ejection. It might well be
thatthefinal answetto the questiorof jet formationwill comefrom accretiordisk theory
Thetopic of this thesis,however, is the structureandevolution of theinitial, collimating
jet flow itself.
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Chapter 2
Jet histor y —the early years

2.1 MB87 —the first jet sour ce detected

Thefirst hint everonanastrophysicajet hasbeenreportedn 1918.Observinghegalaxy
M87! among‘ 762NehulaeandClustess, photagraphedwith the Crossleg reflectot, H.D.
Curtis(1918)recordedhata

“a curious straight ray lies in a gap in the nelulosity in p.a. 20dey, appaently
connectedvith the nucleusby a thin line of matter Theray is brightestat its inner
end,which is 11" fromthenucleus..”.

Thisdiscoreryremainedomevhatun-noticeduntil themid-1950svhenBaade& Minkowski
(1954a,bjdentifiedM87 asthe opticalcounterparbf a strongradiosource. In theirpa-
perthey mention®several strongcondensations theouterpart of thejet” (seeFig.2.1).
Takinginto accountalsothe spectraobserned by HumasonBaadeandMinkowski deliv-
eredthe correctinterpretatiorof thatjet feature:

IM87 = NGC 4486= Vir A

e

Figure2.1. Thejet of M87 in earlyphotograph¢Baade& Minkowski 1954).left Thefull galaxyobsened
in the AX 3600-5000band. The size of the saturatedegion is about2’.2. right The centerof the galaxy
obsenedin the UV (\ < 4000). Thesizeof the saturatedegion is about17”. Thejet extendsabout20”

from the centerandhasa width of about2” (= 30 pc). The scaleof this pictureis 3 timeslower compared
to theleft picture.
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Figure2.2. Optical polarizationof the M87 jet. Two exposureswvith maximumtransmissiorof theelectric
vectorin 200° (left) and290° (right) clearlyindicatingthe polarization.Threestrongcondensationat the
endof thejet canbeidentified (Baadel956).

“Theinterpretationwhich suggestsitselfis that the jet wasformedby ejectionfrom
thenucleusandthatthe[O 1] line is emittedby a part of the materialwhich forms
thejet andis still verycloseto, if notstill insidethenucleus.”

Basedon ad-hocassumptiongaboutthejet inclinationandvelocity they estimatedperiod
of jet formationof about10® years. Although they give a correctinterpretationof their
data,atthe sametime they admitthat

“no possibility exists at this time of forming any hypothesison the formation of
the jet, the physicalstate of its material, and the medanismwhich connectshe
existenceof thejet with the observedadio emission.”

Baadeand Minkowski were alsothe first who calledthis “uniquepeculiarity’ a jet, a
termwhich hasbeenadoptedor this kind of phenomenomver since.

Besideghe interpretationof the M87 featureasa jet, the Baadeand Minkowski dis-
coveryof opticalcounterpartsf radiosourcesanalsobeconsideredsabig steptowards
whatis howadaysknown asthe “unified model” for active galacticnuclei(Sanderstal.
1989). In fact, the identificationmadeclearthatmostof the obsered“radio stars”were
actually radio galaxieswith radio luminosities10 to 10° times greaterthanthat of the
Milky Way (seeMoffet 1966).

The next importantobsenationaldiscovery camewith polarizationmeasurementdt
was Baade(1956) who detectedoptical polarizationin the M87 jet resolvingthe inner
jet in three separatecondensationsliffering partly in the polarizationangle (Fig.2.2).
The degreeof polarizationwas estimatedto about30%. The interpretationof the po-
larized emissionwas syndirotron radiation (correctly aswe know today),assuggested
by obsenationsof the CrabNelulatogethemwith a new theoreticalunderstandingf the
origin of theradioemissiomassynchrotrorradiationfrom enegeticelectrong Shklovskii
1953a,b). PresumablyBaades detectionof polarizationwas the very first hint on the
magneticcharacterof astrophysicaljets. Laterobsenationsby Hiltner (1959)presenting
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Figure 2.3. Optical polarizationof the M87 jet. Map of optical polarizationvectorsobtainedby photo
electricobsenations. The M87 nucleusis locatedat the smallopencircle in the lower left corner(Hiltner
1959).

detailedpolarizationvectormapsof theM87 jet (Fig. 2.3) confirmedtheseresults. Hiltner
concludedhat* no significantpolarizationwasobservedn M87 exceptin thejet”.

A first detailedtheoreticatreatmentbf the obsened synchrotrorradiationwasmade
by Burbidge (1956) basedon Baades obsenations. He estimateda total jet enegy in
particlesand magneticfield of about10°“erg for a field strengthof about10— G. To
explainsucha“tremendouamountof enegy’ (Burbidge)involvedin the jet motionwas
not a simpletask. Burbidgearguedthatthe potentialenegy of a galacticmassis about
10%° erg. Otherpreliminaryideaswere supernwa outhursts(a numberof 107 required),
collisionsbetweenrglobular clustersor evenprocessesvolving antimatter

Themodelof Piddington(1964)discussedhe presencef radiogalaxiesn theframe-
work of aunifiedgalaxyformationscenario.Thebasicideais thattheinclinationbetween
the galaxyrotationaxisandthe magnetidfield axisis the key parametefor the evolution
of thegalaxiesn differentclassesNowadays sucha modelhypothesisanberuledout.
On the otherhand,the sketch of the Piddingtonmodellooks remarkablysimilar to the
modernscenarioof jet formation(Blandford& Paynel982).

X-ray emissionfrom M87 jet wasdiscoveredby Byramet. al (1966)andBradtetal.
(1967). The latter alsoreporta non-detectiorof X-ray emissionfrom 3C273, which is
now known asanotherfamouget source.

Feltenand co-workers (Felten 1968, Feltenet al. 1970) investigatedthe physical
propertiesin the M87 jet giving estimateson the jet densityand magneticfield. The
conclusionwasthatif the electronsresponsibldor the optical emissionare producedat
thenucleusandescapeutto the endof thejet, theambientplasmamustalsomove with
aboutthe speedof light. However, local re-acceleratiorf electronsremainedpossible
but the necessaryheorieswerelacking, as Fermiacceleratiorseemedo be unlikely. If
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Figure 2.4. Theradiodoublesource3C405(CygnusA) obsenedby Mitton & Ryle (1969)at2.696GHz.
The'L’ shapesymbolindicateshecompressiowf thescalein declinationandmeasure30” for botharms.

heatingby cosmicray protonsconfinedto the optical knotsis consideredasalternatve,
theseknots, which have a time scaleof about10° years,shouldcontaina large massof
~ 3 x 10"Mg wnd a particledensityof about400 cm=2 to maintainthemselesagainst
disruptionby the cosmicray pressureA first analysisof thejet stability andconfinement
wasgivenby e.g.Okoye (1973). The availableobsenationaldata,however, did notallow
for an uniquedesriptionof the M87 stability conditions. Thus, the optical knots may
be eitherstabilizedby their inertiaor by an externalmedium,dependingn the physical
parametersf thejet.

2.2 Radio galaxies and radio lobes

In that time the M87 jet was still a unique astrophysicafeaturewith no other “jets”
obsenedandinvestigatedo thatextend.

A big steptowardsamoregenerapictureof astrophysicaletscamefrom obsenations
of radio galaxies beingroutinely obsered sincethe beginning of the 50ies. In general,
mary of the obsened sourcesshoved a typical doublelobe structurelike 3C452 (Ryle
etal. 1965b)or the beautifulexampleof CygA (Fig.2.4,Mitton & Ryle 1969). Thefirst
detectiorof radioemissiorfrom ajet hasbeenreportedoy Schmidt(1963)whoidentified

“a star of aboutthirteenthmagnitudeanda faint wispor jet”
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nearthe position of the radio source3C273 (Hazardet al. 1963). Hogg et al. (1969)
shaved that a compactradio sourceat somedistancefrom 3C274 coincideswith the
brightestknot in the opticaljet of M87 indicatingthatthe radio emissioncomesdirectly
from the optical feature. The first direct evidencefor a radio jet in a powerful double
radio sourcecameby the obsenation of an“abbreviatedjet” in theradio galaxy3C219
(Turland1975).

Along with the discovery of radio galaxiesand radio lobes camethe detectionof
apparensuperluminamotionin thesesourcesCohenretal. (1971)find thattheexpansion
rateof thebrightnesglistributionin 3C273and3C279is 2 and3 timesthespeedf light,
respectrely. They calledsucha behaior a*“superlight expansiori, actuallyconfirming
confirmedearliermeasurementsy Gubbayet al. (1969),Moffet etal. (1971),Knight et
al. (1971)andWhitney etal. (1971). Theseresultsfit alsofits into the pictureof a rapid
radio variability of 3C273 (Dent 1965) andthe subsequentheoreticalinterpretationas
arelatiistic (superluminalexpansion(Reesl1966,1967). Anothersuperluminakource
discoveredin theseyearsis 3C120with v/c ~ 2 — 3 (Shafer etal. 1972).

Finally, one mustat leastmentionthe very first ideastowardsthe modern“unified
model” for active galacticnuclei by Gold (1967)who speculatedhat the extragalactic
radio sourcesobsened so far might be basicallyof onetype, wherequasi-stellaobjects
(QSO)justrepresenan“active phase“(Gold)in thelife of radiogalaxies.

2.3 A theoretical breakthr ough — the model of Blandford &
Rees

Motivatedby theobsenrationalfindingthatthepowerful extragalactiadoubleradiosources
aremostprobablyfed continuouslyfrom the nuclearregion of hugegalaxies Blandford
& Reeq1974)suggeste@d scenariovherethe

“enepgy is suppliedby a light fluid — composeaf fast (possiblyrelativistic) parti-
cles,perhapspervadedy electomagneticfields—which is geneatedin thenuclear
region and collimatesinto two oppositelydirectedoeams?.

This model- the so-called‘twin-exhaust’model— describeshow (i) the streamof par
ticles, which flows within a channelboredinto the interstellarmediumsurroundingthe
galacticnucleus,becomescceleratedo supersonispeedandcollimatedinto a narrov
beamby the action of a de Laval nozzle,and how (ii) the bulk enegy of the beamis
corvertedinto radiationwhenit hits theinterstellarmedium.

The basicideacanbe summarizedasfollows. In the centerof the galacticnucleusa
hotoutflow is initiated. This processs notfurtherspecifiedandits detailsarenot of great
importancdor themodel. Theonly requirements thatthe centralactive regionis ableto
provide thepower for atleast10% — 107 yearsandis smallerthanaboutlOpc. Thestream
of particlesis embeddedn a cool gascloudwith decreasingyaspressurgwith distance
from thecenter).Thestreamis in pressurequilibriumwith thesurroundinggasandcolli-
matedby the externalpressureTherefore the cross-sectionf theinitially un-collimated
flow decreasesAt the sametime the flow becomesacceleratedAt the sonicpoint, the
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locationwheretheflow velocity equalghesoundspeedahydrodynami¢nozzle” forms’
(seeFig.2.5). After leaving thenozzle(i.e. afterpassinghe sonicpoint) the streamprop-
agatedn a ballistic mannerwith supersonicspeedandwith a radiuscomparabldo the
minimumradiusof thenozzle,r,,. The“jet radius”is about

r~ 0.6y, >~ 0.6(P0/P)1/4Tnz

with thebulk flow Lorentzfactory, andthe gaspressureP of theambientcloudnormal-
izedto its valueatthenozzle.Thisis indicatinga weakopeningof the flow channeleven
if the externalpressurenay decreaselrastically

The headof thebeamadwancesdnto the intergalacticmediumanda shockwill occut
At this “working surface” the kinetic enegy of the flow is “randomized”,i.e. corverted
into randomenegy with no tracesleft of the original enepgy distribution in the flow.
The processesvolved could be manifold. Adiabaticor radiatve losseswill randomize
the flow enegy giving rise to synchrotronemissionin radio wavelength. A “strong”
shockmay accelerateelativistic particlesto ultra-relatvistic velocities. Somestochastic
acceleratiomechanisnge.g. Fermiaccelerationinaychangdheenegy distributioninto
apower law.

For the obsenred radio luminosity of CygA, Blandford & Reesestimatedthat the
centralenginemust have maintaineda power outputof ~ 5 x 10* ergs~! for about
107 years. Collimation would have beenoccurredif the gasaroundthe nucleushasa
temperaturef 3 x 108K, a centraldensityof 300 cm 3. The collimation distancewould
be~ 220 pcwith aminimumradiusof thenozzleof aboutlOpc. Thebeamdiameterclose
to theworking surfaceis aboutl - 3 kpc. The estimated.orentzfactorof the particlesin
the CygA jetsis about3.

Sofar, the “twin-exhaust’modelis still up-to-date.Modificationswereaddedin or-
derto establisha completeself-consistenscenaricof extragalactigets. | justmentionthe
ideasto generateheinitial jet flow asaleptonicplasmadrivenelectrodynamicallyy the
black holerotation(Blandford& Znajek1977),or asa self-collimatingmagnetizedlisk
wind (Blandford& Paynel982,seebelon). The modernunifiedmodelof activegalactic
nuclei explainsthe obsenationalappearancef “dif ferent” kinds of active galacticnu-
clei (AGN) asincarnationsof just the sameintrinsic setupwhich mainly dependon the
viewing angleandthe ageof the object(seeBlandford1990).

2.4 A relativistic stellar jet — SS 433

Till the late 70iesthe only jet sourcesknown sofar werethe extragalacticgets obsened
in radiogalaxiesor otheractive galaxiesamongthemM87 and3C273.

Then,a new areastartedwhenMilgrom (1979)andMargonetal. (1979a,b)Xdetected
time-dependenshifts of emissionlinesin the emissionline starSS433. The “bizarre
spectal features’ of this“unusualobject (Margonetal. 1979a)weresooninterpretedas

2Sucha scenariois similar to the physicsof jet enginesin an aircraft exceptthe factthatin that casethe size of
thenozzleis fixed, while in the Blandford&Reesxhaustmodeltheinterfacebetweemnoutflov andambientmediumis
adjustedby the pressuresquilibrium.

33S= Stephenson-Sanduleak
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Figure 2.5. Themodelof Blandford& Reeg1974)- a“twin-exhaust’engine.

Dopplershiftedlines andrelatedto a physicalconfigurationconsistingof “two regions,
symmetricallysituatedabouta central objectwith velocitiesequalin absolutevalueand
oppositein sign (Milgrom 1979). Threebroademissionline featuresseenin green,red
andinfrared colorsvary stronglyin intensity profile andfrequeng in an— apparently
— aperiodicmanner In the beginning, thesepeculiarlines were not immediatelyidenti-
fied and, at the very early stageof obsenation, the natureof the objectwascompletely
unknown.

Later, Margon et al. (1979b)identified theselines with two setsof Doppler shifted
BalmerandHel emission.Thedervedvelocitieswerefoundto vary cyclically repeating
in both the blue shifted and the red shifted systemswith a period of 164 days. The
velocitiesreachmaximumvaluesof about+50 000 km/sand—35 000 km/s, respectiely
(seealsoLiebertetal. 1979).

Fabian& Reeg1979)proposed double-jetscenaridor SS433. Themodelexplains
theorigin of theemissioninesin coolknotsaccelerateth thejet andcounterjet. Thejet
beamitself wasconsideredo be steadyin time or variablein velocity. Both possibilities
couldhave beenverifiedwith betterspectra.Theauthordurthermentionthe pointthatthe
derived velocitiesare high enoughto renderthe transvese Doppler effect significantly
Martin & Rees(1979)furtherdevelopedthe jet modelfor SS433. Thejet sourceshould
now be locatedin a binary system giving rise to precessiorof the jetswith a period of
160 days. Although they proposeda centralblack hole asjet source(which is not the
case)theideaof precessioris thekey pointto whatnowadayss acceptedsthe standard
kinematicmodelof SS433.

Many other publicationsfollowed and alreadytwo yearsafter the discovery of the
“bizarrefeatures”the SS433jetswereverywell investigatednow beingevenconsidered
“as a prototypeof astrophysicaljets’ (Davidson& McCray 1980). Indeed,the factthat
this sourceis muchcloserto the obsener comparedo extragalactigets andthat,dueto
the scaleddown size and enegy output, the time-scalesf the systemis much shorter
madeSS 433 the favorite sourcein orderto investigatethe processof astrophysicajet
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formation.For amoredetaileddiscussion| referto thereview papersy Margon (1984)
andEikenberryetal. (2001).

SomeotherinterestingpointsconcerningSS433shouldbe mentioned.Thatis (i) the
factthat, aswe know today the jets of SS433 originatein anaccretiondisk, similar to
thejetsfrom AGN andprotostars(ii) that,ontheotherhand,SS433seemdo beunique
amongthe jet sourcesasit is partof a binary system,and (iii) it is yet the only known
jet sourcewherethe centralobjectis a neutronstar All theseaspectsmposeimportant
constraintdor thetheoryof jet formation.

2.5 Protostellar jets and Herbig-Har o objects

After SS433 hasbeenestablishedasa jet source,this uniqueexampleof a stellarjet,
togetherwith the numerousclassof jets from the nucleiof active galaxiesremainedhe
only known sampleof astrophysicajet sourcesfor a coupleof years. Jetswere then
known asrelatiistic high enegy phenomenanostprobablycausedy the presencef a
collapsedobjectandanaccretiondisk. A new point of view cameup with the discovery
of jetsoriginatingin youngstellarobjects(YSOs)obsenedin our Galaxy

Thefirst examplesof protostellaijets have beendiscoveredby Mundt & Fried (1983)
when observingthe close ervironmentof T Tauri starsin the forbiddenline emission.
They resohed an elongatedfeature extending from the young star DG Tau and other
T Tauri stars(seeFig.2.6). With other obsenationsfollowing this discovery, the num-
ber of jet sourceddrasticallyincreased.Moreover, a new classof jet sourceshasbeen
establisheadn a completelydifferentenegy scale.

The essentialpoint recognizedespeciallyfrom stellarjet detectionss the fact that
stellarjetsareobsenedonly from accretiondisksourceslf the jet sourceitself is visible
(which is not the casefro e.g. embeddednfrared sources),t always shovs also the
signatureof anaccretiondisk. In particular jetsareobsenedonly from classicalT Tauri
stars,notfrom their disk-lessbrotherstheweakline T Tauri stars.

Forbiddenline emission(eg. thelines[Sll], [Oll], [Olll] or [NII]) hasbeenknown
alreadyassignatureof stellarwinds. In particular Appenzelleretal. (1983)appliedthis
techniqueto investigatethe geometryof windsin T Tauri stars. What they found were
only blue shiftedemissionline componentsandno red shifted emission. This could be
explainedby thepresencef anaccretiondiskaroundthesestars absorbingheredshifted
linesemittedby thewind “behind” the star

Substantialinsight in the protostellarjets camefrom obsenations of Herbig Haro
(HH) objects.It wasfoundthatmary HerbigHaroobjectsareactuallypartsof jets. Some
of the HH objectsarealignedover someparsecgracingthe jet motion, othersrepresent
justthe headof the jet. Theideais thata HH objectmay be a signatureof shocled gas
resultingfrom interactionof ajet with its ambientmediumor from internalshockswithin
thejet. In bothcasestheshockggiveriseto forbiddenemissionines. Today mary of the
extendedjet sourcesarejust namedasHH objects— amongthemthe mostwell known
beingHH 30,HH 34,HH 212 (seeFig.2.6).

The presencef magneticdield in youngstellarobjectsis indicatedonly indirectly.
EarlyZeemammeasurementgave only upperimits for magnetidield strengthsn T Tauri
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stars(Brown & Landstreetl983,Johnston&& Penstorl986,1987). On the otherhand,
thestrongX-ray luminosity(relatedto thecoronalmagnetidield) of T Tauristarstogether
with their relatively slow rotation(in comparisorwith the magnetidield via the dynamo
mechanismjmpliesanenhanceanagneticactiity (Bouvier1990).In thesamedirection
goesthe detectionof flare actwity in the radio bandof someyoung starswhich canbe
fitted by a 100 — 2000 G dipolarfield structurewith anradioemitting sizeof ~ 5 stellar
radii (Andréetal. 1988,1991,Bieging & Cohen1989).

Also, the presenceof cold stellar spotson T Tauri starsandtheir derived large size
indicateaenhancednagneticactivity (Bouvieretal. 1993).RecenZeemarobsenations
(Guntheret al. 1999)supportthis scenariocof a magnetizedr Tauri star Direct indica-
tion for a protostellarjet magneticfield comesfrom circularly polarizedradio emission
obseredaselongatedstructureextendingfrom thejet sourceT Tauri S (Rayetal. 1997).
The derivedfield strengthof aboutl G is muchhigherthana dipolar stellarfield at this
distancgB ~ r—?). However, the derivedfield strengthis alsomuchabove the theoreti-
cally expectedvaluefor ajet magnetidield of aboutuG to mGfields. Ontheotherhand,
the obsenationsclearly showv that large-scalemagneticfields with substantialstrength
mustbe presenaroundthatobject.

The obsenational characteristicof protostellarjets can be summarizedasfollows.
Jetsfrom Y SOstypically shav a“knotty” structure with knotsof emissionalignedalong
the jet axis. Theseknots are interpretedas shodks — internal shocksin the jet flow or
shocksarising from the interactionwith the ambientmedium. The emissionfrom the
knots is found predominantlyin forbiddenemissionlines or H,. Many jet knots are
spatiallyresohedindicatingajet diameterof aboutl00AU. Many jetsshow perfectcol-
limation, evento a distanceof about2 pc from the centralsource.Typically, the jet flow
terminatesn a bow shok, often connectedo the Herbig-Haroobjects. In mary cases,
only onejet canbe seenwhile the signatureof a counterjet is missing. The jet velocity
derived from the Doppler shifted emissionlines propermotion measurementis about
300-50km/s. Protostellarjets are heary enoughto drive massve molecularoutflows.
Theregion of jet formationin YSOsis magnetized.A directindicationfor a protostel-
lar jet magneticfield is shavn only for oneexamplesofar. Protostellaijets originatein
youngstellarobjectswhich alsohave a surroundingaccretiondisk. They areobsenedin
classicall Tauri starsandnotin weakline T Tauristars.

If it is correctthatall astrophysicajets are generatedy the sameprocessthenthe
presencef protostellajetstells usthatrelativity cannotbetheessentiaingredientfor jet
formation(asmaybethoughtpreviously whenonly relatiistic jet sourcesvereknown).
Indeed,the presentjet formationtheoryassumeshe sameprincipal scenariofor all as-
trophysicaljet sourcesand the resultsof the numericalcalculationmay just be scaled
accordingto the massof the centralobject.

Dueto their proximity, protostellajetsareanidealtargetto investigateannermosipart
the jet formationregion. With the availability of opticalandIR interferometricdevices
theresolutionrequiredto zoominto thejet formationregion will becomefeasible.
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Figure 2.6. Thediscovery of protostellarjets. Above: Two T Tauri starsasjet sources.DG Tauri with its
“micro jet” andDG TauB shaving an extendedet feature(Mundt & Fried 1983). Middle andbelow: The
jetHH30, extendingperfectlycollimatedover morethan2 pc. Notetheslightbendingof thejetin theupper
picture. Thelower pictureshavs theinnerpartof thejet with higherresolution(Mundtetal. 1990).
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2.6 Microquasar s

| concludethis introductionto the “history” of astrophysicajets with only briefly men-

tioning the classof microquasarsEssentially theseare sourcef superluminalmotion

locatedwithin our Galaxy (Mirabel & Rodriguez1994,1999; Tingayetal. 1995). The

currentunderstandings that Galacticrelatwistic jets emanatdrom high enegy sources
like high massX-ray binarieswith ablackhole asa centralobject.

As for theotherjet sourcesthereexists clearobsenationalevidencefor the existence
of anaccretiordisk. Sofar, theobseredsuperluminatadioblobsindicatethatamagnetic
field is alsopresent.

Thus, the astrophysicabkcenariois similar to other jets, in particularto the (semi-
)relativistic caseof SS433. ConsequentlySS433, oncerepresentinghe uniqueclassof
a stellarjet, is now consideredo be a small-scaleversionof a microquasar As typical
jet velocity oneobsenes0.9c¢ - 0.95c (Mirabel & Rodriguez1999). A recentmeasure-
ment of the centralmassin GRS1915+105gives 14 + 4 solar masseqGreineret al.
2001). Interestingly if one assumesymmetrybetweenjet and counterjet, the derived
Dopplerboostingenablesusto determinethe distanceto the source.For the exampleof
GRS1915+105Mirabel & Rodriguez(1994)obtaina distanceof aboutl12 kpc.

Microquasarsare of particularimportanceasthey are supposedo undego similar
physicalprocesseasquasar¢AGN), but, dueto thelowercentralmasspnamuchshorter
time scale.This providesa greatadvantageconcerninghe obsenationalaccesgo these
processes.
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Chapter 3

The model of magneticall y driven
jets

Obsenationsof astrophysicajet sourcediave establishedhegeneraldeathattheforma-
tion of jetsis connectedo the presencef anaccretiondisk and strongmagneticfields.
This holdsfor variousscalesof enegy output, jet velocity and spatialscaleof the jet —
jets areejectedfrom AGN, Galactichigh enegy sourcesand protostargseeZensuset
al. 1995; Mirabel & Rodriguez1995; Mundtetal. 1990;Ray etal. 1996). Astrophysi-
cal jetsarebelievedto originatevery closeto the centralobjectin the interactionregion
with the accretiondisk. Besideobsenationalargumentsalsotheoreticalconsiderations
have shavn that magneticfields mustplay animportantrole in jet formationandpropa-
gation(Blandford& Paynel982;Pudritz& Norman1983,1986;Shibata& Uchidal985;
Sakurail985;Camenzindl986,1987;Lovelaceetal. 1991).

In caseof extragalactigets the presencef magneticfieldsis ratherobvious. Polar
ized synchrotroremissionat radiowavelengthgin radio galaxies)out alsoin the optical
band(seethe exampleof M87) give directevidencefor magneticfields. Many obsena-
tions dealwith the asymptotiget, the alreadyacceleratednd collimatedplasmabeam
on kpc-scaleandits interactionwith the ambientinterstellar(or intergalactic)medium.
Yet, the region of the very jet origin can hardly be resohed obsenationally, although
radio interferometrymay resol\e the masscaleequialentto somepc (CygA, Krich-
baumet al. 1998) dependingon the distanceof the source. An exceptionalcaseis
(again...)M 87 wherethe resolutionachiesedis fractionsof mascorrespondingo about
30 Schwarzschildradii of a3 x 10°M,, centralblackhole(Junoretal. 1999).Anotherin-
terestinglandagainexceptional)exampleis theaccretiondiskin NGC4258whereVLBI
watermaserobsenationsfind (i) directevidencefor a cool andthin Kepleriandisk be-
tween0.13and0.26 pc (Miyoshi etal. 1995)and(ii) alsoa disk magneticfield strength
in thetoroidal componenbf lessthen300mG (Herrnsteinet al. 1998). Besideghis in-
formation,ary further cluesaboutmagneticfield structureandfield strengthin this area
is in generabrovided by theoreticalkestimateandmodels.

Indication for a magneticcharacterof stellarjets is ratherindirect. The “standard
model” of protostellajet formationis thescenarimf a centralprotostarcarryingadipolar
magneticfield of kG strengthsurroundedby an accretiondisk launchingthe jet. How-
ever, asafact,the obsenationalproof for sucha field distribution is not very strongand
cornvincing argumentsarerisenagainstsucha scenario(Safier1998,1999). Theoretical
investigationdasedon this standardnodelfor youngstellarobjectshasbeenperformed
by Camenzind1990)andco-workers(Fendtetal. 1995,Paatz& Camenzindl996)and
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Figure 3.1. Model of amagnetohydrodynamiet. Thejet is launchedrom theaccretiondisk surrounding
acentralobject—which canbeayoungstarfor protostellaijets,astellarmassor asupemassie blackhole
for relativistic jetsin the Galaxyor AGN, respectrely. Thejet flow consistf axisymmetriomagnetidlux
surfacesdefinedby layersof helicalmagnetidield lines. The matterflows alongthesesurfaces.Theinitial
disk wind is launchedfrom by magnetohydrodynaio effectsandthenacceleratednagneto-centrifugally
in almostradial direction. Magnetictensionof the toroidal magneticfield componentwvhich is induced
by inertial forcesof the matterleadsto a collimation of the stream.The Lorentzforce may acceleratehe

matterevenfurther.

Shuandco-workers(1994,1995).

However, despiteheuncertaintiesvith the structureof thecentralregionin protostars

andAGN it canbe shavn that neitherradiative nor thermalforcesareableto power the
jets. So far, only magneticforcesremainas a driver for astrophysicalets, a scenario
which is comparabldo the well understoodsolarwind. Theoreticalinvestigationshave
also shown that strong magneticfields may easily acceleratehe matterto relatiistic
velocities(Michel 1969,Fendt& Camenzindl996),with the flow magnetizatiorasthe
chief parametedeterminingthe jet velocity.

Therefore,the main task for the theoreticalmodelingis “just” to solve the magne-

tohydrodynamidMHD) equationswith appropriateastrophysicaboundaryconditions—
I.e. for a modelscenarioof the threecomponentsentralobject,accretiondisk andjet,
interactingwith eachotherandbeing connectedy a magneticfield. Traditionally, the
approacho the problemof jet formationandpropagations disentangledn thefollowing
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sub-problemsvhereeachof thesesubjectsaretreatedsepaately.

e The questionhow to collimate and acceleratean uncollimatedlow velocity disk
wind into ajet (whichis thetopic of this thesis).

e Thequestionhow to launchthatoutflow from a disk, i.e. how to turn accretion of
matterejectioninto thedisk wind.

e Thequestionhow to generatethe magneticfield responsibldor jet formation. Is
it that magneticfield a disk field or the field of the centralobject? Is it dynamo-
generateavithin the disk or advectedfrom theambientmedium?

e Thequestionof stability of theasymptotiget andradiation processes.

It seemdo be obviousthattheseprocessesyhich play their role at differentspatiallo-
cationsin thejet systemareinterrelatecandnot independentHowever, dueto the com-
plexity of both the governingmagnetohydrodynamiequationsandthe geometryof the
jet source,a generalsolutiontaking into accountsuchan interactionis not yet feasible.
Themainreasorfor the separat@pproachs just the necessityof simplification(coming
alongwith afurthersimplifiedtreatmenbf the singleproblems...).

As discussedbove, the currentunderstandingf astrophysicajetsis thatof a stream
of plasmawhich is acceleratedndcollimatedby magneticforcesandwhichis launched
within the innermostregion arounda central object surroundedby an accretiondisk
(Fig.3.1). The generalbelieve is that the basicmechanisnof jet formationis the same
in all jet sourcesi.e. it is the samefor relativistic andnon-relatvistic jets. Theseideas—
which| will callthestandad modelof jet formation—resultfrom decadesf obsenations
andtheoreticalinvestigations.

Beforel summarizeherelevantequationsandthe presenstatusof the jet formation
theoryin the next chapters] will now discusghe principal featuresof magnetiget for-
mationwith elementaryexamples.While the mathematicabnd numericalformalism of
MHD is quite comple&, and,yet, impossibleto solve in generalthe basicprocessesan
be explainedsimply. For example,somecharacteristiqropertiesof MHD jets canbe
derivedjust by manipulatingthe expressiorfor the Lorentzforce F,..

3.1 Ideal MHD and magnetic flux surfaces

Theveryfirst pointto stresgs thefactthatwe aredealingwith aMHD model Thatmeans
thatthe matteris treatedasasinglefluid (or gas)with averagedpropertieof the particles
specieqe.g. ionsandelectrons). As for atwo-componenplasma,alsothe MHD fluid

is neutral with the Coulombforcescancelingon small scale. Thus,in MHD we do not
dealwith the behaior of singleparticles but treatthe interactionof ionized,neutral‘gas
clouds”with themagnetidield.

1For example the massvelocity is the meanvalueof theion velocity timestheion particledensityandthe electron
velocity timestheion particle density andsimilar for the massdensity forces,electriccurrentsetc. Certainapproxi-
mationscanbe madefor the averagingproceduresuchasthe electronmassis muchlessthentheion mass
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Figure 3.2. Themodelof ideal MHD. For ainfinite conductvity, the magnet|d|eld is “frozen-in” into the
plasma.Motion of thefluid will adwectthe magnetidield andvice versa.

The classicalway to understandchow jet formationworks, is to studythe stationary
axisymmetriadeal MHD equationsgn cylindrical coordinateq R, ¢, 7). In this case,a
de-compositiorof vectorfieldsin poloidal andtoroidal componentsimply givesto the
field componentsn the meridional (R, Z) plane(subscriptp) anda “ring” component
(subscripty) in ¢-direction.With that, thetotal magnetidield B = Ep + ]§¢ hasahelical
structurewith a pitch angleof thefield definedby theratio B,/ B,,. The helicalmagnetic
field linesfollow (anddefine)magneticflux surfacesl, axisymmetricsurfacesof constant
magnetidlux,

1 . -
U(R, Z) = g/Bp dA, (3.1)

wheredA is the areaelementof a circular areaperpendiculato the symmetryaxis. The

ideal MHD assumptionj.e. the assumptiorof a very high plasmaconductvity implies

theconcepbf frozen-inmagnetidield lines. Thefield linesareconsideredo be*“locked”

into the plasmafluid andthe adwectionof matterwill automaticallytransportmagnetic
flux (Fig3.2). If we would allow for aresistvity or for a certainamountof non-ionized
materialin thefluid, diffusive effectswill play a role (magneticdiffusivity or ambipolar
diffusion)leadingto a drift motionbetweerfield andmatter

Undertheassumptionprescribedabove it followsthatthepoloidalplasmavelocityis
alwaysparallel(or anti-parallel}to the poloidalmagnetidield, 4, | |§p. However, thetotal
velocityvectorv is notparallelto thetotal magnetidield vector—the plasmamovesalong
thefield but notparallel to thefield. Thisis possibledueto thepresencef atoroidalfield
componenallowing the plasmato slide alongthefield in toroidaldirection,

7= @E%—RQF(\P) &y, (3.2)
wheren is the massflow ratealongtheflux surfaces the (restframe)massdensityand
Qr theiso-rotationparamete(Ferraro1937).For illustrative purposesthelatterquantity
canbeinterpretedasthe “angularvelocity of the magneticfield lines”. For a stationary
flow onecanshaw thatn = n(¥) andQr = Qr(¥) areconseredalongthefield line or
flux surface.Thesameis valid for thetotal specificenegy F(¥) andangulaimomentum
L(D).
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Figure 3.3. The Lorentzforce componentprojectedwith respecto the magneticflux surfaces¥ (R, 7).
TheparallelcomponenﬁLH ~ ] §¢ istheacceleratindor deceleratingtomponentTheperpendicular
componemﬁL,L ~ ]_"H x Bis thecollimating (or de-collimating)component.

3.2 The Lorentz force

The magnetic characterof astrophysicalets is taken into accountby consideringthe
Lorentzforce F;, ~ j x B in the equationof motior? . A simple decompositiorof
the Lorentz force vector visualizesthe role of magneticforcesfor the jet collimation
and acceleration.For example,we canrewrite the Lorentzforce using Ampéres law,
Fy, ~ (V x B) x B, andthewell known vectoridentities,

Fr=v 1B +i(§-v)§ (3.3)
g 8T AT ’ '

2Notethatin MHD the electriccurrentdensityj’ definesthe Lorentzforce. This is differentfrom the equationof
motionof singleparticleswherewe have Fr ~ q(E + 7 % ﬁ). In MHD, electricfieldsarenegligible smallin therest
frameof thefluid. The electriccurrentdensityfollows from the averagevalue of the chagedparticlesin the plasma,
7 = qeTepe + q:iTipi, With the ion velocity # and electronvelocity @, andthe chagesgq of the particles. Also,
representshe averagedvelocity of the particles.(seealsofootnote ).
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Thefirsttermontheright handsideis thegradientof the“magneticpressue’, thesecond
onerepresentshe magnetictensiondueto thefield curvature.

Thedecompositiorshows severalpropertieof the magnetidorces.First, adiverging
field distribution like a monopole-typgoloidalfield with a gradientin field strengthwill
generallyacceleratehe plasmaoutwards. In sucha field with straightfield lines point-
ing radially outwards, magnetictensionplaysno role. A gradientin the magneticfield
strengthacrossthe cylindrically collimated,asymptoticjet will alsodecollimatethe jet.
Magnetictensionof the collimating poloidal field lines may alsoacceleratghe plasma.
Essentiafor ajet, it is thetensionforce of the toroidal magneticfield whichis responsi-
ble for thejet collimation. In the end,thejet collimationis determineddy thetotal force
balancebetweerthe gaspressureglus magneticpressureplus the tensionof the toroidal
magnetidield of thejet andthe pressurdrom the surroundingnedium.

Anotherway to illustrate the Lorentz force is a decompositionin the components
parallelandperpendiculato the meagneticflux surfaces F;, = Fy | + F, . with

ﬁLsH = jJ_ X §¢ and F’Lyj_ = -;H X B (34)

Thisimpliesthata certainconfigurationof electriccurrentandmagnetidield distribution

canacceleratéhematteralongthefield (parallelforce componentandcollimatetheflow

acrossthe poloidal field (perpendiculaforce component).Of course,alsothe opposite
mightbetrue,adecollimationor decelerationin thecylindrical poloidalfield distribution

of afully collimatedijet acceleratind-orentzforceswill be present.The magneticfield

structureof thewind closeto the disk/starwill alwayshave a kind of monopole-lile dis-

tributionwith thefield linesin radialdirection. Thejet collimationregionis thetransition
region betweerthesetwo casesvherethe poloidalfield linesturnfrom theradial outflow

into a collimatedstream.

In afundamentapaperHeyvearts& Norman(1989)have demonstratethataxisym-
metricMHD flows have anintrinsic self-collimatingproperty A jet carryinganetpoloidal
electric currentwill always collimate into a cylinder. However, recentlya discussion
aboutthe validity of suchmodelshasstarted(Okamoto1999). In the literature,the jet
self-collimationmechanisms oftentakenfor granted.however, an“experimentalproof”’
by MHD simulationsaboutthe questionwhethersucha processeally works on astro-
physicalscaless yet missing.Time-dependen¥IHD simulations(e.g. Ouyed& Pudritz
1997) seemto demonstratesucha behaior, but the influenceof numericalconstraints
like the shapeof the numericalgrid (Ustyugoa et al. 1999)or astrophysicaboundary
conditionsasthe accretiondisk magneticfield distribution (Fendt& Elstner2000)is not
yetclear

Finally, it shouldbe notedthat alreadya simple experimentusually shovn in the
high schoolphysicscoursedemonstratethe basicideaof thejet collimation. Two wires
carryinganelectriccurrentin the somedirectiondo attracteachothet
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3.3 The force-free limit

For someastrophysicabpplicationsthe force-free limit is a suitableapproximationof
MHD. Therearetwo waysto illustratethe force-freecharactef a magneticfield. The
first is to imaginea magneticfield configurationsuchthatthe termsof magnetictension
andmagneticpressuregradientexactly cancel.In this case thereis no netLorentzforce
disturbingthe hydrodynamicequilibrium. Sincein the equationof motion the Lorentz
force vanishespnly the hydrodynamiqoartis left. The secondway is to imaginea very
strong magneticfield, or, respectrely, a very small plasmadensity In this case,the
inertialtermsin theequationof motioncanbe negglected.This equations thenequialent
to theconditionthatthetotal Lorentzforce mustvanishtoo.

The first viewpoint is appropriaten the caseof dipolar accretion. If, the accretion
streamfollows a puredipolarmagnetidield geometrytheflow dynamicss equivalentto
the caseof free-fall. Of course theforce-freedipolargeometrywill only be sustainedf
thefield is strong,i.e. theplasmanertial forces(asthe matterfollows acurvedtrajectory)
too weakin orderto distortthe field structure. The otherviewpoint may be appliedfor
highly relatwistic jets. A high jet velocity can be obtainedonly in the caseof a high
plasmamagnetizatiorTherefore for calculatingthe magneticfield structure the inertial
termsmaybe neglected.Clearly, aforce-freefield cannotacceleratehe plasma.n order
to answethequestiorof theplasmadynamicsor for afully self-consistenMHD solution,
inertial termsmustbe included. However, sincethe low plasmadensity only a small
deviation from the force-freefield structurecanacceleratehe matterto high velocities.

3.4 Magneto-sonic surfaces

One characteristiqropertyof astrophysicaletsis their high velocity. The asymptotic
velocity of MHD jetsis indeedhigherthanthe speedof the magneto-sonievaves. Jets
arethereforereally dynamicbodiesperturbedy magneto-sonigvavesandshockwaves.

In the region of jet formation, matteris lifted from the accretiondisk with compar
atively low velocity. The materialis then acceleratedy magneto-centrifugabr mag-
netic forces(seebelaw). With increasingvelocity of the matter the speedof the slow
magneto-sonievaves, the Alfv én wavesandthe fastmagneto-sonievavesare succeed-
ingly exceededThe positionswherethis happenglefinethe slow magneto-sonisurface,
the Alfv énsurfaceandthefastmagneto-sonisurfaceof thejet flow. Thesupemagneto-
soniccharacteof the jetimplies someinterestingaspects.

Thefirst pointconcernghecausalinteractionof differentpartsof thejet. In MHD the
fastestmodeto exchangenformationis by fastmagneto-sonievaves. Therefore jf some
partof thejet becomesuperfastmagneto-soniahis partjet causallydecouplegrom the
subfastmagneto-sonipart. Thisimpliesfor examplethatany disturbanceesultingfrom
the interactionprocessof the asymptoticjet with the ambientmediumcannotinfluence
theregionwherethejet hasbeenlaunched Onthe otherhand thesubfastmagneto-sonic
jetregionis determinedy by the conditionsat thejet foot point.

The Alfv én surfaceis interestingbecausehis is the region wherethe jet kinetic en-
ergy becomecomparabldo the magneticenegy. Therefore until the matterreacheshe
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Figure3.4. Theideaof magneto-centrifugalccelerationThegasfluid elementsanbetaughtto represent
beadson awire anchoredo arotatingbody (left). For amagnetidield (wire) inclinationof morethen30°
to therotationalaxis,thefluid elementgbeadsyrecentrifugallyunstable The effective potential(Eq.3.5)
alongsucha field line (wire) with a foot point radiusrg is shavn in the right (from Blandford& Payne
1982). Disturbanceof the unstablesquilibriumleadsto ejectionof matter(beads)longthe magneticfield
lines(wire). After substantiahcceleratioriheinertiaof the massflow (beadspendshefield line (wire) in
toroidaldirection.

Alfv énsurfaceit is basicallyguidedby the poloidalmagnetidield andis co-rotatingwith
thefoot pointsof thefield lines. Beyondthe Alfv énsurface,thefield cannotcontrolthe
plasmaanymore. Instead,the plasmamotion affects the magneticfield structure. The
matteris moving radially outwardswith constankineticangulaiTmomentumanddecreas-
ing toroidal velocity. A toroidal magneticfield is inducedandwill finally dominatethe
poloidalfield componenfor large radii.

In the stationaryMHD approachthe magneto-sonisurfacesrepresensingularsur
facesin the equationgGrad-Shafrano equationandwind equation.seebelav). Certain
boundaryconditionsmustbe definedalongthesesurfaces however, their locationis not
known from the beginning. This is the mostimportantdifficulty for the solutionof the
stationaryMHD equationsandlimits this approach.

This problemis overcomewith time-dependenviHD simulations.However, in this
casecarehasto be takenin the definition of the numericaltime stepin orderto allow
for appropriatgpropagatiorof magneto-sonigvavesacrosshegrid. As arealdifficulty,
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currentMHD codescannotproperlyhandleopenboundaryconditionsin thesub-Alfvénic
or sub-slav magneto-sonicegime of the flow andtendto reflectsuchwaves.

3.5 The light cylinder of the magnetosphere

A termwhich is sometimecauseof confusionis thelight cylinderof arotatingmagneto-
sphereThelight cylinderis acharacteristideatureof relativistic MHD. Althougharapid
rotationis the essentiafactorfor the existenceof a closelight cylinder, suchrotationis
alsonecessaryn orderto launcha powerful jet. Therefore jets moving with relativistic
speedalwaysencloseanarrav light cylinder.

Whatis thelight cylinder? Imaginea rapidly rotatingobjectwith magnetidield lines
anchoredn thesurface.This couldbeastellarbodyor the surroundingaccretiordisk. As
the magneticfield lines areconsideredo rotaterigidly® (like every partof a wire rotates
with the sameangularvelocity), at a certainradiusthe rotationalvelocity of thefield line
reacheshespeedf light. Thislocationis calledthelight cylinder of thatfield line. If the
angularvelocity of all field lines2x in a magnetospheris the same they will have the
light cylinderradiusR;, = ¢/Qr If thefield line foot pointsrotatewith differentspeed,
thelight cylinderdeformsto a surface An exampleof sucha configuratiorwould bethe
jet magnetospherabove a differentiallyrotatingdisk.

The light cylinder hasno direct physicalconsequencefor the flow (provided that,
a relatwistic treatmentof suchproblemshasbeenmade). The foremostquestionwhich
comesto mind is surely how, outsidethe light cylinder, the flow of mattercan adjust
to stayat velocitiesbelow the speedof light, while, seemingly beingfrozen-into field
lines “rotating” fasterthanthat. From a phenomenologicapoint of view, in orderto
keepthe mattervelocity v = ”B + RQr < c themagneticfield structurehasto change
to a toroidally dominatedfield configuration. This will allow the plasmato slide along
the magneticfield in toroidal directionwhile moving outwards. Therefore,the correct
physicalinterpretationof the iso-rotationparameter)r is the angularvelocity of the
plasmasubtractedhe slide motionalongthefield. As we know from analyticalmodels
in simplecasegMichel 1969)andalsofrom numericallycalculationdor morecomplex
geometrieFendt& Camenzindl996),the mattercrosseghe light cylinder smoothly
without any particularincidents.

For Newtonianobjectsthe light cylinder is far away from the foot pointsof the mag-
netosphereFor example,the Sunhasa light cylinder of about700AU. It canbe only of
interestif therearefield lineswhichin factreachthatradius.In rapidly rotatingneutron
starsthelight cylinder maybelocatedascloseas10 stellarradii to the stellarsurface.For
jets AGN atypical estimateof thelight cylinder radius(dervedfrom therotationrateat
the maginally stableorbit) is aboutsometensof gravitational radii.

It mustbe notedthatin relativistic magnetohydrodynamigsoloidal electric fields
areinducedwhich arenot presentin NewtonianMHD. The electricfield (whichis per
pendicularto the poloidal magneticfield) scaleswith the light cylinder radius, £, =

%It shouldprobablybe emphasizethatin the pictureusedherefor illustrative purposesve dealwith therotational
velocity of field linesandnotwith avelocity of thefielditself. Theessentiapointis thatfield linesareno realphysical
objectsand,thereforeary velocity maybeattributedto thesefiducial objects.
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(R/R.)Bp. Thus,therelatiistic charactelof MHD manifestsitself in the presenceof
poloidalelectricfields.

3.6 The model of Blandf ord & Payne (1982)

The basicideawhich is still behindmostof the work on jet formationtheory hasbeen
introducedsome20 yearsagoin apaperby BlandfordandPayne(1982).1t is perhapshe
mostinfluential publicationon thetopic of jet formation.

The main achievementof this paperis the finding that the obsenationally motivated
ingredientsof astrophysicajet sources- the accretiondisk anda magneticfield — can
be combinedinto a self-consistentnodelin which the interactionof thesecomponents
is responsibldor the formationof collimatedhigh velocity streams.The physicalmech-
anismsintroducedwith the new model- acceleratiorand collimation of the MHD jet —
hasbeeninvestigatedy detailednumericalcalculations.

Theconcepbf Blandford& Paynehadits precursorén theliterature. Theacceleration
of matterandtransporbf angulaTmomenturnby the magnetidield hasbeencalculatedy
Weber& Davis (1967)for the solar wind. Piddington(1970)proposed modelfor dou-
bleradiosourcesandquasarsn which thetwisting-upof magnetidield linesin arotating
galacticgascloudis responsibldor the ejectionof jet knots.Lovelace(1976)andBland-
ford (1976)cameupwith a purelyelectro-magnetimmodelof jet formationfromaccretion
disks In bothmodels,enepgy extractionfrom the disk into thejet is establisheatontin-
uouslyby the electro-magnetitorque. In the Lovelacemodel,the magnetizedccretion
disk arounda massve black hole actsasan electricdynamo. The electricfield created
by the rotating disk acceleratesollimatedbeamsof protonsto ultra-relatvistic veloci-
ties. Blandford(1976) proposeghe existenceof a magnetospherabose the magnetized
accretiondiskin whichtheelectro-magneticmomentumis focusedowardstherotational
axis asa mechanisnfor a continuousand alignedjet flow from parsecto megaparsec
scale.An exactsolutionfor aforce-freedisk magnetosphers presented@onsideringalso
the effectsof an electro-magnetievind, the electro-magnetitcorqueandinertial forces.
Blandford & Payne(1982) extend this picture to a self-consistenMHD modeltaking
fully into accountthe inertiaforcesof the jet massflow. | will now briefly discussthe
mainresultsof this work.

3.6.1 Magneto-centrifugal acceleration

The first point to mentionis the possibility to accelerateanattermagneto-centrifugally
alongthe magnetidield. Blandford& Paynewerefirst to recognizehatmatter attached
to magneticfield lines with an inclination towardsthe equatorialplane,is in unstable
gravito-centrifugalequilibrium. In thecaseof idealMHD thefield linesarefrozeninto the
plasma(Ferraros law of iso-rotation).Thejet magnetidield is anchoredn theaccretion
disk andthereforefollows the disk rotation. The plasmamoving alongthe poloidalfield
canbecomparedo beadnthewire. This analogybetweera hydrodynamialescription
of afluid anda kinematictoy-modelhasbeensuggestedirst by Henriksen& Raylurn
(1971).Notethatthe mattermovesalongthefield but not necessarilyarallelto thefield
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(seeEg.3.2). The effective equipotentialsurfacesfor sucha configurationfollow from
gravity andthe centrifugalforcesboth acting on the ‘beads’ (plasma)rotatingwith the
‘wire’ (magnetidield lines). For a Kepleriandisk oneobtains

GM 7\ 2 o
(I)(’f‘, Z) = — o (05 (g) + ﬁ) ; (35)

wherethe subscript) indicatesthe radiusat the foot point of thefield line. For anangle
anglebetweenthe equatorialplaneandthe poloidal magneticfield lessthanthe critical
angle* of 60° the centrifugalequilibrium becomesunstable(Fig. 3.4 right). If thefield
lines areinclined away from the rotationalaxis, ary small disturbancdeadsto a sling-
shoteffect, flinging the matteroutwardsby centrifugalforcesandinitiating the disk wind
(Fig.3.4left).

Whatis alsointerestingout sometimeslisregardedjs thefactthata similarinstability
workswhenthefield linesareinclinedtowardstherotationalaxis (seealsoFig. 3.4right).
In this casegravity wins andthe gasis acceleratedowardsthe origin.

3.6.2 The large-scale structure of a collimating self-similar MHD jet

The major achiezementof Blandford & Payne(1982)is the self-consistensolution of
the magnetohydrodynamiequationgdemonstratinghe self-collimatingcharacteof the
MHD diskwind.

In theirapproachthe essentiahssumptiorior thesolutionof therelevantMHD equa-
tionsis self-similarityin the sphericalradius. This meanshatall variablesscalewith a
power law in the sphericalradius. Radial self-similarity ignoresboundaryconditionsat
thejet axisandthe jet radius(which is movedto infinity). Also the asymptotiget colli-
matedinto cylindrical shapejs not self-similarin sphericakradius. Neverthelessfor the
region closeto the disk, wherethe majorjet acceleratiorandcollimationtakesplace,the
Blandford& Payneapproachs valid in orderto overcomethe mary difficultiesinvolved
in the solutionof the MHD equations.

The poloidalfield configurationderived by Blandford& Payneclearly indicatesthe
collimation of the jet flow. Figure 3.5 shaws the distribution of the poloidal field lines
for differentfield line foot point radii. If we go alongthejet, thetoroidal magneticfield
becomestrongerandthe pitch anglea = arctan | B,/ B,| becomedarger. At large dis-
tancefrom the disk (beyond the Alfv én surface),the magneticfield structureis increas-
ingly dominatedby its toroidal componeniseethe B,/ B,-curve in Fig.3.5). This can
be understoodrom the frozen-inconceptandthefactthatthe plasmainertiadisturbsthe
initial magneticfield structure.Beyondthe Alfv énpoint the kinetic enegy of the matter
dominateghe magneticenegy. The massflow, which tendsto consere its momentum
andthusits directionof propagatiomradially outwards, bends*“the magnetidield frozen
into the matter

4This anglehasbeenderived for the assumptiorof a “cold” wind neglectingthermalpressurecorrespondindo a
superslov-magneto-sonidlow. If thermalpressurés takeninto accountthe critical angleincreaseso 72° (Pelletier
& Pudritz1992)
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Figure 3.5. Stationary self-similar MHD solution of jet formation (Blandford & Payne1982). (Left)
Magneticfield structure.Shawn are poloidal magneticfield lines (solid), the pitch angleof the field lines
(dotted, andthe locationof the Alfv én surfacein normalizedcoordinateg¢, x). (Righ) Dynamicalpa-
rametersof the plasmaflow. Poloidal (U') andtoroidal (u) velocity, Alfv én Mach number(m) andfast
magneto-sonidlach number(n) andtheration of toroidalto poloidalmagnetidield.

As theflow of matterbecomescceleratedlongthefield lines, it passeshe magneto-
sonicpointssubsequentlyseeSect.3.4). Figure3.5show thevelocitiesasfunctionof the
sphericaldistancefrom thefoot pointradiusry. The poloidalvelocity (heredenotedwith
VU f) reacheghe speedof the magneto-soniavaves wherethe Alfv @n Mach number
(denotedwith \/m) andthefastmagneto-sonitMMachnumber(denotedwith y/n) become
unity.

The toroidal velocity (denotedwith g) of the jet matterdecreasesvith radiuswhile
the mattermovesradially outwardswith constankinematicangularmomentum.Conse-
quently for the mostpart of the jet, the superAlfv énic part, the jet mustbe considered
asnon-ptating In the Blandford& Paynesolution,theratio of poloidalto toroidal ve-
locity is about20 for large distances.The toroidal speedn this region is alsolower by
a factorof 2.5 comparedo the rotation at the foot point of the field line. The Alfvén
surfacein theseself-similarsolutionfollows the curve z = r (Fig.3.5left), whereaghe
fastmagneto-sonipointis reachedt (z/r) ~ 1.5 (Fig.3.5right).

The Blandford& Paynesolutionhasthe propertythat mostof the power is concen-
tratedin the centralcoreregion alongthe jet axis, whereaghe angularmomentumand
magneticflux is transportedn the outerjet layers. The core-enelopestructureof mag-
neticjetsis aintrinsic featureof mary jet models(e.g. Appl & Camenzindl993a,b).
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3.7 From accretion to ejection

The*“holy grail” of jet formationtheoryis still thefundamentatjuestiorof how thematter
which accretesithin the disk towardsthe centralobject,is divertedin verticaldirection
andfinally becomesnjectedin thejet.

To answerthis questionis againa difficult task (too difficult in somerespects.. ).
As we have large gradientdn the physicalparametersn the jet forming region above the
disk, we have even larger gradientsin the transitionregion betweendisk andjet. The
densityvariesdrasticallyover several ordersof magnitudeon very shortlength scales.
Also the (effective) electricresistvity change®y similar magnitudesSincetheaccretion
disk is turbulent, the magneticdiffusivity is high. In contrary for the jet, ideal MHD is
quiteagoodassumption.

Sofar, time-dependemumericalsimulationshave failedin investigatingthe jet-disk
interactionfor a reasonableeriod of time. Typical simulationsrun for not morethen
severalorbital periodsof theinnerpartof the disk.

A thoroughinvestigationof this region hasbeenmadeby Ferreiraandcollaborators
(seeFerreiral997)usinga stationaryself-similarapproachThey find thattheimportant
termsresponsibldor lifting the plasmaoff the disk in vertical direction,are (i) the tur-
bulentmagnetiadiffusivity v, which allowsthe matterto crossthefield linesand(ii) the
magnetictorqueF, = j,B, — j,.B, establishinghe hydrostaticequilibriumwith in the
disk. Essentiallythelifting mechanisms completelymagnetohydodynamicandcanbe
understoody examiningthe Lorentzforce componentslf we denotethe total poloidal

electric currentby I(r, z) = —5rBg, we canwrite the Lorentz force componentsas
follows. The Lorentzforcein toroidaldirectionis
B
Fy=-2vI,
¢ opr |

the poloidalforce alongthe magnetidlux surfacess

By
By ==5_Vill,

andthe poloidalforce perpendiculato the magnetidlux surfacess
. By
FJ_ :Bp]¢— %VLI

Ejectionof matterfrom the disk into the jet occursnaturally if the poloidal electriccur
rentdensityin radialdirection,j,., decreasesertically. Two processemaylift theplasma
from the disk. (i) The gaspressue gradient if the F', decreasesyr (ii) theradial cen-
trifugal acceleratiorof plasma,if Fy increases.Figure 3.6 shavs the stationaryMHD
calculationof the self-consistentlisk-jetconnectionFerreiral997).In thediffusive disk
the matteraccretesacrossthe poloidal magneticfield lines, but thencouplesto the field
andbecomesjectedasa disk wind similar to the Blandford& Paynemechanism.
Numericalsimulationsof the accretiondisk structurewith a boundaryconditional-
lowing for ajet outflow areessentialn orderto understandhe jet launching. They will
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Figure3.6. Magneticfield andplasmavelocity in aaccretion-ejectiostructure(Ferreiral997). Shovn are
poloidalmagneticfield lines (solid) and poloidal streamlines of the flow (dashed. Resistvity allows the
accretingmatterto crossthe magneticfield lines. If the electriccurrentdecreasewith disk height,matter
is lifted from the disk surfaceinto the corona. At larger heightsthe mattercouplesto the field line and
becomescceleratedo highervelocities.

finally give ananswerto the questionsvhatkind of diskscangeneratgetsandwhich do
cannotandwhatthetime scaleof thejet ejectingmechanisnis. They will alsohelpto un-
derstandhe magnetidfield generatingdynamoprocessn the disk providing therequired
field strengthand field distribution for the jet launching(seev. Rekowski et al. 2000,
Bardouetal. 2001).



Chapter 4
Magnetoh ydrodynamics of jet
formation

In this chapterl will summarizethe theoreticalbackgroundof magnetohydrodynamic
(MHD) jetformation. After abriefintroductionto MHD itself andjustpresentinghewell
known MHD equationsl will goin moredetailanddiscusghesesquationsn thelimiting
caseof ideal, stationaryandaxisymmetricMHD. This is anessentiaktepconcerninghe
understandingf the physicsof MHD jet formation. The discussionis further extended
to the specificequationgyoverningthe force-balancen the MHD jet, thejet collimation
andacceleration- the Grad-Shafrano equationandthe wind equation.

4.1 The model of magnetoh ydrodynamics

Beforeadiscussiorof thebasicMHD equationsit is maybehelpful to introducein brief
the essentialof magnetohydodynamicstself. For somebodywho is not working in
the field of MHD, someconfusionmay ariseaboutthe differentwayshow to describe
the interactionbetweenmatterandthe electro-magnetidield andaboutwhatthe MHD
concepiactuallyimpliesin thisrespect.

Themicroscopigointof view is thatasinglechagedparticleis moving in theelectro-
magneticfield underthe action of Lorentz and Coulombforces. A statisticalaverage
over mary particlesof several speciedeadsto the view point of plasmaphysics Now
thereis a“fluid” (or “gas”) of (partly) ionized matterwith averagedpropertiegdensity
velocity, ...) for all species.For lengthscalesabove a certainlimit (the Debyelength),
however, the chagescancelandthefluid in totalis neutral. The plasmaparticlescollide,
exchangeenegy and chage. The collision frequeny dependsmainly on densityand
temperatureAlso the electricconductvity is determinedy the collision frequeng. Due
to thecollisions,alsotheneutralcomponenof a partlyionizedfluid couplego theionized
componentsThus,it mightbeaffectedalsoby alarge scaleelectro-magnetifield.

In plasmgohysicshedifferentspeciegions/electronsr electrons/positrongretreated
asseparateomponentsThefluid equationsareexaminedfor eachspecieseparatelyi.e.
onehasa equationof motionfor electronsandfor ions,andsimilarfor theothermoments
of the Fokker-Planckequation. The modelof magnetohydodynamicsaveragesover the
propertiesof the differentplasmaspeciegesultingin a singlefluid model For example,
the momentundensityof the singlefluid is the sumof the velocitiesof the electronsaand
ionsweightenedvith the particlemassandparticledensity pv = n.m.v, + n;m;v; (with
the particle numberdensitiesn,. ; andthe massdensity p). Certainapproximationsare
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takeninto accountge.g.themuchlargermassof theionscomparedo theelectronsin the
end,insteadof describingchages(y;, ¢.) moving with velocities(v;, v.), onedealswith
theelectriccurrentdensityasthe netmotion of chagesj’ = Zen;U; — en,U., andsimilar
for massdensity velocity, temperaturestc.

The MHD conceptis valid only for certainapproximations. Velocitiesin the rest
frame of the fluid mustbe small, chage neutrality mustbe consered on global scales
andfriction betweenthe componentsnustbe strongenoughso that acceleratingorces
canacton bothspeciesimultaneously

If theideal MHD conditionE = —i/e X B is appliedto therelativistically covariant
equationof motion,the concepf relativistic MHD canbedeveloped.

4.2 The MHD equations

Theconcepbf magnetohydrodynamickliversasetof equationsvhichdescribeghestate
of anionizedfluid (or gas)undertheinfluenceof a magneticfield. With thatthe general
taskin orderto modelthe magnetohydrodynamigt formationis to solve thesetime-
dependentresistve) MHD equationsonsideringconserationof massmomentumand
enegy, theinductionof magnetidield, andthe non-istenceof magnetianonopoledor

astrophysicaboundaryconditions. In their non-relatvistic versiontheseequationsare
thefollowing,

% (o =0, (4.0)
pl%+(ﬁ-V)ﬁ]+VP+pV(I>—]’><l§:0, (4.2)
p[%—f—(@'-V)e] +P(V-7) — ”DC‘QJ"Q =0 (4.3)
%—f—Vxlﬁxﬁ—n%j]:O, (4.4)
V-B=0. (4.5)

Here, B is themagnetidield, 7 the velocity, p themassdensity P thegaspressuree the
internalenepy, and® the gravitational potential. The electriccurrentdensity; is given
by Ampereslaw, V x B = (47 /c)j. Themagnetiddiffusivity 7, measuresheefficiency
of magneticdiffusion andis determinedoy the physicalprocesseseadingto diffusion.
In the astrophysicatontext the microscopicdiffusivity (dueto collisionsand/orelectric
resistiity) is too smallby ordersof magnituden orderto have ary influenceandusually
the effect of a turbulentmotionis takeninto account.Additional to the above equations,
anequatiorof stateis necessarjo closethesystenof equationsThis canbeapolytropic
gaslaw, asoftenusedin jet models,or any otherspecificatiorof the gaspressure.

The solution of the time-dependenHD equationsequestsa lot of computational
power and becamefeasibleonly during the last decade. Still, time-dependensimula-
tions of the jet formationmay cover only aboutsomepercentof theregion wherethe jet
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collimationis actuallyachieved.

4.3 Stationar y, axisymmetric, ideal MHD

The limit of stationarity axisymmetricandideal MHD may give somefundamentain-
sightinto the jet physics. In this case the time derivative andthe derivative in toroidal
(¢-) directionis neglectedandthe conductvity of the matteris assumedo be infinite.
This is the classicalapproach to the jet problem,but still providesthe bestintroduction
to theideasbehindthe modelof jetsasmagnetohydrodynamiengines.

Here,l will briefly summarizehe essentiapointsimplied by the assumption#tro-
ducedabove. An early derivation hasbeenpresentedy Chandrasekhai1956). In the
axisymmetriccaseit is appropriatego usecylindrical coordinateg R, ¢, Z) andto distin-
guish betweenthe poloidal componentf a vector (the componentsn the meridional
plane,i.e. the R and Z-componentspnd the toroidal componentthe ¢-component).
FromstationaryFaradayslaw, V x E = 0, it followsthattheelectricfield is thegradient
of apotential,ﬁ = VU. Becausef axisymmetryhe ¢-deriative vanishesand £y = 0.
For infinite conductivityOhm'’s law impliesthe MHD condition,

— ]_ —
E=--ixB. (4.6)
Cc

SinceEy = 0, it followsthat
7, xB,=0, or @B, — & =x(R 2)B, (4.7)

Thus, the poloidal plasmavelocity is parallelto the poloidal magneticfield. Because
of massconsenration and stationaritywe have V(pt,) = 0 andfor the scalarfunction
k(R, Z) it follows that0 = V(pkB,) = B, - V(pk). Thereforey = px is aconsered
guantityalongthefield line. With the assumptiorof axisymmetrya magneticflux func-
tion canbedefined,

1 e .1
U(R,Z) = 5 /Bp dA = %/BszqbdR, (4.8)

which measureshe magneticflux througha circle with radius R aroundthe symmetry
axis. Similar, thetotal poloidalelectriccurrentis I(R, Z) = [ jzRd¢dR = —(c/2) RBj.

Theaxisymmetrianagnetidield lines B = B, + B, enclosecorrespondinglux surfaces.
Thus,n(¥) = pk is conseredalongthe magneticflux surface.FromEqg.(4.7)it follows
that

. _ .1
X B = 17¢ X Bp +Up X B¢ E <U¢ - %qu) V\If, (49)

1The poloidal andtoroidal componentf a vectorfield canbe definedin a moregeneraiway for othercoordinate
systemsSeelL Ust& Schl’uter(1954)or Chandrasekhgl956,1961)for ageneraintroduction
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and,usingthe MHD conditionandFaradays law, we obtain

By 1
O=VXE=V\I’XV<E<U¢—%B¢>>. (4.10)

This implies that the quantity Qr = (v¢ — gB¢) /R is consered along the field line,

Qp = Qp(¥) (Ferraros law of iso-rotation).

FromEq.(4.9)andtheMHD conditionit canbederivedthattheelectricfield is always
perpendiculato thethe flux surfaces,E = —(1/¢)QrVV, or E, = (R/Ry)B, where
Ry = ¢/Qp is thelight cylinderradius. Thus,the poloidal electricfield componenis
importantonly if thelight cylinderis closeto the centralobject. In fact, the presencef
strongpoloidal electricfieldsis the signatureof relatvistic MHD. For NewtonianMHD,
electricfieldscanbenegglected.

4.4 Conservation laws of stationar y MHD

The assumptiorof stationarityimplies conserationlaws for certainphysicalquantities.
With a more extendedderivation one can proof thatin stationary axisymmetricMHD
therearefour physicalquantitieswhich are consered alongthe magneticflux surface.
Here,| briefly discussthe expressiondor thesequantitiesin the Newtonianlimit. The
first conseredquantity which hasbeenalreadyintroducedabove, is

V. 5 —
n(¥) = pgpsgn(vp - B,) (4.11)
p
It hashasthe meaningof a massflow rate M perflux surface,
. . VAW . VLAY .
MU+ A) — M(¥) = / pii, - dA = / nB,-dA. (412
)4 v

Theiso-rotationparameter

Op(0) = = <v¢ - @qu) (4.13)

is the secondconsenred quantity In the MHD jet theory Qr is sometimesconsidered
as“angularvelocity of thefield line”, a notationwhich is somavhatcomprehensie but
alsomisleading(seealsodiscussiorabove). In thefollowing, Q2 will be denotedasiso-
rotation parameterof a flux surface. The third quantityis the total angularmomentum
perunit density

RB,
47 ()

consistingof two contrikbutions, the kinetic andthe magneticpart. At the Alfv énradius
R4, this expressionreducedo L(¥) = Qp(¥)R% which guaranteeshatthe stationary
MHD flow remainsregular at this point. Thus, only a certaincombinationof angular

L(¥) = R*Qp(9) — (4.14)
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momentumandiso-rotationparameters possible.The Alfv énradiuscorrespondso the
lever arm for the torqueacting at the foot point of the jet (usually onefinds an Alfv én
radius10 timeslargerthanthefoot point radiusof thefield line). It canbeimportantfor
the evolution of the accretiondisk thatjets or winds may carry away angularmomentum
very efficiently dueto the large lever arm. Beyond the Alfv &€n point, the plasmamoves
moreor lesswith constankinetic angulamomentumandthe angularvelocity decreases
with radiusasQ ~ R72.

Thefourth conseredquantityis thetotalenegy. If we, for simplicity, neglectthermal
pressureandgravity, alsothetotal enegy perunit densityconsistof two contributions—
kinetic enegy andmagneticenegy (Poynting flux),

v?  RByQp(7P)

E(0) = 5 Tn(T) (4.15)
Theessentiapoint of consideringa magnetdydrodynamigetsis the corversionof mag-
netic enegy into kinetic enepgy of the bulk flow. This corversionprocessanbe under
stoodasdriven by Lorentzforces(seeabove). The contribution of gravity andthermal
pressurewill modify the expression(4.15) (seeSect4.6). Usually, anadiabaticor poly-
tropic gaslaw is assumedor thejet andtheadditionaltermin theenepgy equation(4.15)
IS ~ (% pF_l). However, it hasbeenshown that jets aretypically cold, and, conse-
guently gaspressureanbe neglectedin theregion of collimationandaccelerationThis
is not true for the transitionregion betweendisk andjet wherethe the flow is acceler
atedfrom subto superslow magneto-soniwelocity. In stationaryMHD the regularity
conditionatthe slow magneto-sonipoint determineshe massflow raten(¥).

In the caseof relatvistic jets the Newtonianexpressiongliscussedbove have to be
generalized For specialrelativity, the main additionis to considerthe factthatthe jet's
kinetic enegy might be comparableto the rest massenegy of the jet flow while the
role of gravity is usuallyneglected. In generaljets move with velocitiesfasterthanthe
escapevelocity andtherefore for mostthe casesthe specialrelativistic approximations
sufficient. Only if processesloseto the centralblack hole areinvestigatedmaybethe
jet formationprocessn theinnermostaccretiondisk itself, the generarelatvistic effects
may becomeamportant. The cunvatureof spacetime andthe 'rotationof space’arounda
rotatingblack hole might influencethe enegy balanceof suchjets.

4.5 The Grad-Shafrano v equation — the force-balance across
the field

Under the assumptionsf stationarity axisymmetry and high conductvity, the local
force-balanceof MHD can be split in two governing equations(seee.g. Camenzind
1987; Okamoto1992). The Grad-Shafanov equation(GSE) describeghe local two-
dimensionaforce-balancacrosghefield. Thewind equationdescribesheforce-balance
alongthefieldlines. Bothequationgrecoupleddueto inertialbackreactionof theplasma
on the structureof the magneticfield. A clever iterative procedurewvould be neededn
orderto solve this systemof equationsself-consistentlyAs a matterof fact,the problem
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of a self-consistensolutionis socomplicatedhatis hasnot yet beensolvedwithout ary
further simplifying assumptions.f inertial forcescanbe neglected,the magneticfield
structurefollows solelyfrom the electromagnetiéorce-balancéforce-freefield).

With themagnetidlux function (4.8) thetoroidalcomponenbf Ampere’slaw canbe

re-writtenas 1 4
m
RV - (—W) = 4.16
R2 c J¢ ( )
Thisis the generalersionof the Grad-Shafanov equation Thesourcetermof the GSE,
ther.h.s. of EqQ.(4.16), mustbe derived from the componenbf the equationof motion

whichis perpendiculato theflux surface.

Maxwell’s equationsand thus Eq.(4.16) are covariant concerningspecialrelativity
(andarethereforerelativistic’ by definition). Specialrelatvistic effectsfor thematterare
takeninto account|jf therelatwistic equationof motionis consideredor a derivation of
the GSEsourceterm. Generalrelativity requiresto considerthe red-shiftandtime-lapse
in the vicinity of a black hole andalsothe rotation of space(frame-draggingparounda
rotatingblack hole. Thus, dependingon the astrophysicajet source differentversions
of the GSE may apply For most casesof relatvistic jets the specialrelativistic GSE
(Camenzindl987)is sufficient, whereascloseto the black hole the generalrelatiistic
GSE (Nitta et al. 1991; Beskin& Pariev 1993) mustbe considered.Here, | shav the
specialrelatvistic sourcetermof the GSE,

Yo T 1M - RJRE(V) (u (9 E(V) = 20y L(V)) = ~20yIn == )
B} c R )
+CR4_7(:') Oulun(¥) = 47 ¢ R? R, (W) (VE-V) (R QF(\P)) ) (4.17)

with the Lorentzfactor, the poloidal componenbf the 4-velocity u,, andthe Alfvén
Mach numbersquaredM = 4mypu’/B2. The GSEis a partial differential equation
of secondorder It canbe consideredas“highly” non-linearasthe sourcetermshows a
very complicatedlanda priori unknavn) dependengon the flux function ¥. The GSE
sourcetermalsoincludessingularsurfaceswvhere(1 — M3 — R?/R?) = 0. Thesearethe
magneto-sonisurfacesvherethe plasmavelocity equalsthe speedf themagneto-sonic
waves. As alreadymentioneddueto the complexity of this equationjt hasnotyetbeen
possibleto find two-dimensionaffully self-consistensolutionsin general. The single
exampleof arotatingmonopole-typdield configuration(Sakurail985)is obtainedn the
limit of slow rotation(andthusdoesnot shov substantiatollimation).

A specialcaseis the force-free (relatiistic) GSE whereinertial termsin the source
term arengglected. This is equivalentto the assumptiorthat magneticforcesdominate
over inertial forces. This versionof the GSEequationis alsoknown aspulsarequation
It considerghe projectionof the force-freeequationof motion,0 = p. E' + 1™x B (with
thechagedensityp,), perpendiculato the magnetidlux surfaces.

The trans-fieldforce-balancecan eventually be written as the modifiedrelatwistic
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GSE,in theforce-freecasewe have

1 — 2202 () 11d , 1 d

(seee.g. Camenzindl987), wherewe have normalizedwith (R, Z) — (z R,z R,);

Qp = Qr(c/Ry); ¥ — ¥V,; I — II,. TheradiusR, is the location of the
asymptotidight cylinder, i.e. theasymptotidoranchof thelight surfaceR (V) for z >>

1. At thelight surface,whereR = Ry (V) = ¢/Qr(¥), thesourcetermof the force-free
GSEbecomessingular Theterm“modified” refersto the fact the the singularity of the
sourceterm hasbeenincorporatednto thel.h.s. of Eq.(4.18). For differentially rotating
magnetospherese shapeof this surfaceis not known a priori while for constantfield

rotationthe light surfaceis of cylindrical shape.The normalizationis chosensuchthat
Qr = 1 atz = 1. Notethatin theforce-freecasealsothetotal poloidalelectriccurrentis

conseredalongthefield line, I(R, Z) = I(¥). Both the currentdistribution, I(¥), and
therotationlaw of thefield, 2x (¥), determinghe sourcetermof the GSEandgovernthe
structureof the magnetospherelhe constanty; describeghe strengthof thefirst source
termin the GSE.A usualestimatefor active galacticnucleiis

_ AL R? 4< L )2< R, >2< Uy )‘2
I="2g2 =" \10184/ \10%cm/ \10% Gem?/

Closeto arotatingblack hole,generalrelatvistic effectsmustbe takeninto account.
Usingthe3+1split of space-timéThorneetal. 1986),thegenerarelativistic expressions
becomesimilarto the specialrelatiistic equationsThe modificationsconcernared-shift
factora in orderto transformthe local field andvelocitiesto the globalreferencdrame,
andthe differentialrotationof spacew (framedraggingof a rotatingblack hole). With
that, Amperes law is modifiedto V x B = (47/c)aj — (1/¢)(E - Vw)m, with the
Killing vectorm = &%V ¢. Theforce-freeGSEin Kerr metricis

- 1-((:)/(:&)2 N 1 d 2 ~QF_w 21 d 9
in Boyer-LindquistcoordinategBlandford& Znajek1977;Thorneetal. 1986;0kamoto
1992)andwith anormalizationsimilarto Eq.(4.18).Here,& correspondso the cylindri-
cal radiusand;, denotethe positionof the two light surfaces&? = (+a/(Qr — w))>.
The+/— signsholdfor theouter(Q2r > w) andinner(Q2r < w) light surface respectiely.

Finally, | discussthe GSE in anotherform which is probably more transparenin
shaving themechanismsleterminingthejet structurein the collimationregion,

R(1-ME—220) =

V.B? V.B? B? B2Q
<1 —x2Q%) —» L ¢y Py <—¢ —pui) V;x — 4p FVJ_(.IQQF).

8 8 47 T

Here,V, indicatesthe gradientperpendiculato ¥, & = xB2/4r = ii - (B, - V)B,/4x
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the poloidal field curvature,p the massdensityandu,, the toroidal speed(Chiuehet al.
1991; Appl & Camenzindl993a). With this representatiof the GSE one caneasily
identify the forcescontributing to the stationaryjet equilibrium. Thefirst term considers
the curvatureof the poloidal field (k) leadingto a tensionforce, but takesinto account
alsothede-collimatingcentrifugalforce dueto the motion of the matteralongthe curved
poloidalfield line —# (M3 + z2Q%). Thefirsttermonther.h.s.is the poloidal magnetic
field pressurgradienteducedy thepressurgradienbf theelectricfield ~ z2Q4V J_Bf,-
Thenext termis thetoroidalmagnetidield pressurgradient.Thetermsin theparenthesis
afterthe gaspressurgyradientconsiderthe collimating force of the toroidalfield tension
andthe de-collimationdueto centrifugalforcesof the rotating plasma. The last term
combineghetensionof the curved poloidalfield andthe (relatiistic) effect of the space
chagedensity

4.6 The wind equation — the force-balance along the field

Thewind equatiorconsidergheforce-balancalongthefield line or flux surface,govern-
ing thedynamicsof the MHD flow. Also known asBernoulliequationthewind equation
representgheintegratedstationaryMHD enegy equation.Basically thewind equatiory

enegy equationcanbe obtainedby combiningthe expressiongor the consered quanti-
ties. In the Newtonianlimit andfor a polytropicgaslaw the enegy equationis

2 r—1
E:v_§+Q_% M3}R% — R? 2 (M3, . GM _QQRg—R2
2 2 \R(MZ-1) r—1\ M} VRE+ 72 T M:-1
(4.20)

where M is the centralmass,c, the soundspeed][" the polytropicindex in the gaslaw,

and M, the Alfvén Mach number The asterixdenotesa value at the foot point of the
field line. Notethatin Eq.(4.20)thereareconsered quantitiesalongthe considerediux

surface,E(¥), Qr(¥), R3 (V) = L(V)/Qr(¥), andotherquantities which vary along
the field line, e.g. B(R), p(R), v(R). Thetypical approachs that one prescribeghe
shapeof the poloidal magnetidfield surfacesgivenby Z = Z(R), andthe poloidalfield

strengthdefinedby the flow magnetizatior{seebelon) andthensolvesthewind equation
ateachradiusandfor the certainboundaryconditions.In generalthe combinationof the
solutionsfor eachradiusgivesseveral solutionbranchesfor v, (R). Fromtheseonehave
to find outthe physicalsolutionbranchof thewind solution.

Thelocationwherethe plasmavelocity equalsthe speeddf the magneto-sonigvaves
arecalledthemagneto-sonipoint(seealsoSect.3.4). At theslow andfastmagneto-sonic
point the wind equationmay becomesingular At the Alfv €n point the wind equationis
regular, i.e. for all solutionsthe Alfv én Mach numberis M, = 1 at the Alfv énradius
R = R, (seelastterm of Eq.4.20). Thereforethe angularmomentumL = QpR% is
determinedTherequiremenbf regularity of the solutionat the othertwo magneto-sonic
pointsdetermineghe othertwo parametersf theflow. Themassflow raten(Psi) (or the
flow magnetizatiorr (V)) is fixed by the regularity conditionat the slow magneto-sonic
pointwhile theenegy E(¥) is fixed by thefastmagneto-sonipoint.

Themostgeneralersionof thestationarywind equations thatof ageneratelatiistic
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MHD flow. In this casethewind equatiorfor therelatvistically definedpoloidalvelocity
up = yvp/cis

E\? koky + 0 2ky M2 — ky M2
241 = —g,, =] 2022 T TmT2TA A 4.21
up+ o " (ko+0mM§)Q ) ( )
where
L _ _9s3 + 2903 L/ E + goo L? / E*

ko = 9330 + 29030 + goo, ko =1—Qp—, ks

E 9(2)3 — 900933

(Camenzindl1986, Takahashiet al. 1990). Here, the Alfv @n Mach numberis defined
by M3 = 4unu’/B?, V\[ith the properparticledensityn, the specificenthalyy ., anda
poloidalmagnetidield B, = B,,/(go0) + 903¢r ), rescaledor mathematicatorvenience.
The o,, standdfor the sign of the metric definedby the component®f the metrictensor
Gij

In generalfor a polytropic gaslaw (polytropicindex I' = n/m), the wind equation
(for exampleEq.4.21)canbeconvertedinto a polynomialequation,

2n+2m .
S Ai(w ¥, ®; Q8 B, Lo ul™ =0, (4.22)

=0

wherethe coeficients A; arenow functionsof the normalizedcylindrical radiusz. The
shapeof theaxisymmetrianagnetidlux surface¥ (z, z) is prescribedsfunctionz(z; ¥).
Theflux function® = B,z* describesheopeningof theflux tube. Thefasterd decreases
the morerapidly the magneticenegy is be corvertedinto kinetic enegy. This behaior
is similarto ahydrodynamiale Laval nozzle

The essentiaparametefor the magneticgiet is the magnetizationparamete(Michel
1967). We definethe dimensionlessnagnetizatiorparameteat the “injection” point of
the matterinto thejet x,, ,

(p*
= Doy (4.23)
Themagnetizatiorparametemeasuresr the Poynting flux in termsof particleflux I, =
nup,x? Wherem,, is the particlemass(herethe protonmass).Equivalently, it determines
the strengthof the magneticforcesin termsof inertial forcesor the magneticenegy in
termsof kinetic enegy, Themagnetizatiordetermineshe maximumenegy availablefor
plasmaacceleratiorandthusdetermineslsotheasymptoticpoloidalvelocity.

In the caseof a hot relatvistic proton-electrorplasmathe polytropicindex isI" =
5/3 (ahot electron-positrorplasmawould imply I' = 4/3). Then,at eachradiusz the
polynomialequation(4.22) has2n + 2m = 16 solutions. Someof thesemathematical
solutionbranchesave no physicalmeaninge.g. becausezg is negative. Theremaining
physicalsolutionsform a bunch (typically 2-3) of differentcurvesin the u,(z)-diagram
representinglifferentsolutionbrancheé The uniquebranchof the wind solutionstarts

Ox

2This is similar to the caseof a stationaryhydrodynamicaccretionor wind flow (Parker wind), wherethe wind
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at smallradiuswith smallvelocity continuingoutwardswith increasingvelocity. For an
otherparametechoicealso’accretion’brancheganbefound,startingfrom alargeradius
with smallvelocity andcontinuinginwardswith increasingvelocity.

As alreadydiscussednot for all parametersF, L, o there exist physical solutions
which arecontinuoudor all radii z. Thecritical parameterarejustfixedby theregular
ity conditionof having a smoothtransitionof the flow acrosshe magneto-sonipoints.
In orderto matchastrophysicaboundaryconditionsonecanthususethe following free
parameters,

e the’injection’ radius, z,, the location wherethe mattercouplesto the magnetic
field. Thisradiusalsodeterminesheiso-rotationparametef;.

e the’injection’ velocityu,, = u,(z,), definingtheinitial kinetic enepy.
¢ theAlfvenradiusz s, which fixesthetotal angularmomentunof the flow.

The critical wind solutionfor a givenflux surfacecanthenbefound by varyingthe flow
parameterd’ ando, in Eq.(4.22). Dueto numericalcorveniencepnemayinsteadvary

e thesoundspeed:, attheinjectionradius,definingtheinitial density(or gaspres-
sureandtemperature),

¢ themagnetizationparameteattheinjectionpointo, (¥) = ®2/(4mmyI,.).

In turn, the conditionof aregularflow atthe magneto-sonipointsfixesthe soundspeed
andmagnetizatiorand,thus,jet masslow rateandtemperature.

equationgivestwo solutionbranchesiependingn themassflow rate. Only oneof thosebranchesi.e. the solutionfor
thecritical massflow rate,is the ‘true’ stationarywind solution



Chapter 5
Formation of magnetic jets — the
present state of theoretical studies

The majority of theoreticalwork on magnetohydrodynamietswereinitiated by the au-
thoritative paperby Blandford& Payne(1982). Many of thesefirst paperswvereconsid-
ering stationaryMHD modelswith only few exceptionsof MHD simulationspresented.
In the mid 90iesthe computationalpower becamesufficient enoughto carry out also
time-dependerIHD simulationsof the jet formationprocesswith reasonabl@umerical
resolution.

In the following the recentdevelopmentin the theoreticalunderstandingf the for-
mationof magnetigets— acceleratiorandcollimation— will be summarized.Thereare
goodreasongo follow thetraditionalway andseparatéhetopicin two parts— stationary
MHD andMHD simulations.With the exceptionof justafew exampleswhereanalytical
solutionsto the MHD jet equationsarefeasible all MHD solutionssofar aretheresultof
anumericalcomputation.

It is of coursenot possibleto discusor evenmentionevery singlepapermpublishedon
this topic. | will try to give a fair referenceo the mostinfluential work donesofar and
discusghisin respecto my own work duringthelastyears.

5.1 Stationar y MHD models

If time-dependenprocessesire ngglectedfor the solution of the MHD equationsthe
computationakaskis considerablyreduced. The main adwvantageof the stationaryap-
proachis the possibility to obtaina global solutionfor the magneticfield structure,i.e.
the field distribution from the inner boundaryof a staror disk up to the asymptoticjet
at distancesf several thousandimes the radiusof the centralobject. Sucha spatial
resolutioncannotyet be achieved by time-dependenmMHD simulations. It shouldalso
be mentionedthat the calculatedstationarysolutionis exactly definedby the regularity
conditionat the magneto-sonisurfaces. In the caseof time-dependentomputationsit
is sometimedifficult to decidewhethercertainfeaturesof the simulationarenumerical
artifactsor indeedrepresenphysicaleffects.

Dueto thefactthatextragalactigetshave beendiscoveredearlierthenprotostellajets,
the earlytheoreticaimodelsweremostly concernedvith theformationof relativisticjets

"However, in the stationaryapproactthe magneto-sonisurfacesbecomesingular surfacesof the governingequa-
tions. and,asa matterof fact, it is just thesesingularities which causeshe mostseriousdifficulties for the stationary
treatment

41
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(however, not alwaystreatingtherelativistic equations)In fact,in the caseof stationary
MHD, relatvity is not the major difficulty in solvingthe MHD equations.The difficult
partis the inter-action betweenmatterandfield, in particularthe back-reactiorof the
plasmainertial forceson the magneticfield structure.Relatvistic jets canbe considered
as almostforce-free,and considerablainderstandingoncerningthe jet magneticfield
structurecould derivedfrom solutionsof the force-frreMHD equationsProtostellajets
have amuchhighermasdoadandthe force-freeapproactcanhardlybeapplied.

5.1.1 The self-similar ansatz and related approaches

The before mentionedmathematicatomplicationsof MHD have led mary authorsto
look for specialtypesof separablesolutionswhich avoid the problemsof thegeneratwo-
dimensionalintegration. It wasoneof the basicideasof Blandford& Payneto assumea
self-similargeometryfor the MHD jet structure Self-similarity providesquitea powerful
simplificationfor the MHD equations. In particular this approachreducesthe patrtial
differentialequationof secondorder (the Grad-Shafrane equation)to a setof ordinary
differentialequations.Self-similarity canbe motivatedby the power law distribution of
certainphysicalquantitieswithin the accretiondisk which is (in thesemodels)the origin
of the jet. For a standardaccretiondisk modelwith Keplerianrotation, the power law
distribution holdse.g. for the density pressureandmagneticfield distribution. While a
self-similarjet geometrycanbe expectedcloseto the disk, it is clearthatthe far-disk jet
structurecannotbeself-similar Someimportantfeature$ which actuallydo constrairthe
solutionbut arenot beincludedin a self-similarmodel,arethe jet axisandthe outerjet
radiusbeingalmostof cylindrical shapeandat finite distancefrom the axis (self-similar
modelsextendto infinity). Also thelight cylinder of relatwistic jetsis not self-similar

The major outcomeof the BP82 paperis the self-consistentalculationof the self-
similar force-balanceof collimating, cold (pressure-lessyind flows from a Keplerian
accretiondisk. Somelimitationsin this modelweretaken careof by otherauthors.For
example,Li etal. (1992)generalizedhe Blandford-Ryneself-similarity ansatzo rela-
tivistic jet solutions. Pelletier& Pudritz(1992)extendedthe BP82approachakinginto
accountgaspressureanda moregeneralansatzor thefield structure.This is especially
interestingcloseto the accretiondisk wherethejet is launchedecausén the stationary
wind theorythe slow magneto-sonigoint (which is definedonly whengaspressuras
takeninto account)definesthe massflow ratein thejet. As the verticalgaspressureyra-
dient supportsthe launchingof a jet, the critical launchinganglefor the disk magnetic
field is decreasedrom 30° (Blandford & Payne)to about18°. The ansatzby Pelletier
& Pudritz(1992)alsodropsthe assumptiorof self-similarity. Theflux geometryis fully
two-dimensionalhowever, the authorsconsiderthe separatdMHD domains(subslow to
superfastmagneto-soniceparatelyUndertheassumptiorof a powerlaw disk magnetic
field distribution they reducethe GS equationin theasymptoticdomainto alinear partial
differentialequationobtaininga cylindrical flow structurethere but with are-collimating
propertyin the caseof high fastmagneto-sonidlachnumbers.

2We discussherethe assumptiorof r-self-similarity, i.e. self-similarityin the cylindrical or sphericaradius. Some
othermodelsusea §-self-similarityandcanbe appliedto stellarmagnetosphergSauty& Tsinganosl994).
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TherearealsootherMHD jet solutionsavailablewhichapplyanonself-similaransatz.
However, not all of thesemodelscannotbe consideredas a fully self-consistentwo-
dimensionabpproach.Oneexampleis the self-consistentelatvistic solutionof the GS
equationpresenteddy Li (1993). In this casethe self-similar assumptions not used.
However, the authorprescribeghe positionof the “first” magneticflux surfacecloseto
the jet axis andthencalculateghe force-balanceutsideof this flux surfacetill a finite
jet radius(Fig.5.1). The otherexampleis Lovelaceet al. (1991, 1993)who proposed
a generaltheoryof MHD jets not underlyingthe self-similarscaling. Instead,a param-
eterizationof the cylindrical radiusin termsof the jet radiuswas chosentogetherwith
a separatiorof variables. The jet solution wasthan obtainedby solving the consera-
tion laws of ideal, stationary axisymmetricMHD. Thisis a uniqueandclever approach
asthe stationaryMHD consenration laws are consered by definition. However, it does
not considerthe (moredifficult) problemof thelocal force-balancelescribedy the GS
equation.In Contopoulost. Lovelace(1994)the authorsreturnto the self-similaransatz
presentind‘exact” (numerical)solutions. The term “exact” indicatesthat now the local
force-balanceés takeninto account.This approachhasbeenextendedaterto the special
relatvistic case(Contopoulosl994,1995a).

Contopouloq1995b)proposedan alternatve modelfor jet formationin the absence
of large poloidal magneticfields. In this casethe Blandford-Riynemagneto-centrifugal
sling-shotmechanisntannotwork andthe matteris insteadacceleratedby the pressure
gradientof strongtoroidalfieldsprovidedby theaccretiordisk. In particularContopoulos
appliedthis modelto explainthetime-dependergjectionof knotsin thejet.

I will discussthe work on self-similarjet modelsby Tsinganosandcollaboratordn
Sect5.1.6.

5.1.2 Asymptotic jet collimation

Anotherway to simplify thejet MHD equationgs the approacho obtainasymptoticso-
lutions at large distanceaway from the origin of the jet flow. In a fundamentapaper
Heyvaerts& Norman(1989)analytically derive that axisymmetricMHD flows enclos-
ing a netpoloidal currentwill alwayscollimateto a cylindrical shapeasymptotically A
vanishingelectriccurrentwill leadto anun-collimatedconicaljet structure.Thisimpor-
tantresult,obtainedfor the Newtoniancase hasbeenextendedateralsofor the caseof
relatvistic jets (Chiuehetal. 1991)

The force-balancewvithin suchan asymptoticallycylindrical jet canbe describedby
theone-dimensionabSequationwith theradiusasonly variable).For this limit andfor
the caseof relatwvistic jets Appl & Camenzind1993a,b)btainedananalyticalsolutions
of thelocalforce-balanceln their solutionsthejet equilibriumis characterizedy the ex-
istenceof acoreradius Magneticflux andelectriccurrentis concentrategredominantly
within the coreradius.If thejet radiuschangesfor exampleby a changen the external
pressurethe coreof the jet remainsmoreor lessthe sameandonly the outerregion of
thejet — the ervelope— areaffected. Theseanalyticalsolutionsof the asymptoticforce-
free jet equilibrium canbe usede.g. asa boundaryconditionfor the two-dimensional
approach.Theseasymptoticsolutionswasalso extendedfor differentialrotation (Fendt
1997b).
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Figure 5.1. Solutionof the relatvistic GS equation(Li 1993). Left Shapeof magneticflux surfaces(di-
mensionlesfiux ¥ spacedy 0.5). RightFlow acceleratiorcurveson theseflux surfaces.
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Figure 5.2. Self-consistentwo-dimensionalsolution of the GS equation(Sakurai1985). Structureof
poloidalfield lines atlarge distanceplottedin logarithmicscalein sphericakadiusr. The Alfv énradiusis
locatedfrom aboutr = 1 (equator}o r = 3 (pole).
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5.1.3 A self-consistent truly two-dimensional solution

This subsections to give areferenceo the uniquecaseof atruly two-dimensionalself-
consistensolutionto the GS equation.Sakuraipresentechon-relatvistic solutionsof the
GS equationfor a stellarwind (aninitially radial outflow, Sakurai1l985)andfor a disk
wind (a so-calledsplit-monopolesetupasinitial configuration,Sakurail987). There-
markablefactis that theseresultsfrom almosttwo decadesagoare still the only fully
two-dimensional,non force-free stationaryMHD solutionsavailable in the literature.
However, dueto the slow rotation, Sakurai$ solutionsessentiallyshov a low degreeof
collimation, with the flow collimating only on a logarithmicscale(Fig.5.2). Thisis in
contrastto the obsenationsindicating a rapid collimation of the protostellarjet within
100AU.

5.1.4 Special relativistic MHD jets in the two-dimensional approach

Camenzind(1986, 1987) developeda fully two-dimensionalyelativistic formalism for

stationarymagnetohydrodynamiets. The methodof finite elementfasbeenintroduced
in orderto solve the GS equationnumericallyfor any choiceof boundaryconditions.
Someexample solutionsfor the relatvistic jet magnetospherand the wind dynamics
in thesejets were presented.Thesesolutionswerefully two-dimensionalhowever, not

really globalsolutionssincetheinnerandoutersolutions(separatetby thelight cylinder)

wereobtainedseparatelyanddid not satisfythe sameregularity conditionalongthelight

cylinder. However, asanessentiapointin theunderstandingf MHD jets, it becameclear
thatthe diverging magneticfield structureactsjustin the sameway asthe hydrodynamic
de-Naval nozzle

The relatwistic wind equationasappliedfor MHD jets hasalsoits progenitorin the
stellarwind theoryin particularin the subjectof pulsarwinds. Therelatvistic GS equa-
tionin its force-freeversionis alsoknown aspulsarequationandhasbeenexaminedby a
numberof authors.In orderjustto mentionthe mostwell known of thesepulsarmodels,
we cite Michel (1969, 1973a,b),Goldreich& Julian (1969, 1970), Okamoto(1974a,b;
1975a,b,1978),Ghoshetal. (1977),Ghosh& Lamb(1978,1979a,b).The Michel (1969)
references of particularimportanceasit introducesthe Michel magnetizationparam-
eter o andclarifiesits role asthe essentiaparameterconcerningthe acceleratiorof the
MHD flow. The o-parametecoupleshethreeimportantingredientdor the launchingof
a MHD wind — the magneticflux, the massflux andthe rotation of the wind launching
object(astaror adisk).

As an extensionof the classicalpulsarmagnetosphermodelsSulkanen& Lovelace
(1990) presentedwo-dimensionaforce-freesolutionsof the GS equationwherethe pul-
sarmagnetospherasymptoticallycollimatesinto ajet. However, alsofor thesesolutions
thelight cylinder regularity conditionhasnot beentreatedproperlyandthe dervedfield
structurecannotbe consideredsa global two-dimensionakolution.

Globalnumericakolutiongto thetwo-dimensionatelatiistic force-freeforce-balance
werepresentedor collimatingjet magnetospherdsom highly magnetizedtars(Fendtet
al. 1995),andfor rotatingblackholestakinginto accountkerr metric(Fendt1997a).Es-
sentially thesesolutionstake advantagdrom theanalyticalasymptotiqone-dimensional)
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solutionof Appl & Camenzind(1993b). Using asymptoticsolutionincluding also dif-
ferentialrotation (Fendt1997b),Fendt& Memola(2001)derived the structureof two-
dimensionatelatiistic magnetospheresith differentiallyrotatingfoot pointsof thefield
lines (e.g. anaccretiondisk). This allows actuallyfor a scalingof the specialrelativistic
magnetosphergormalizedto the light cylinder radius)in termsof the size/mas®f the
centralsource asthe Keplerianrotationof thedisk is relatedto the centralmass.

Thefield distributionscalculatedby Fendtandcollaboratorgepresenglobal solutions
to thelocal cross-fieldforce-balancequation.Essentiallythesepapersalsopresented
methodto solve the matding problemof relatvistic force-freemagnetospheres, well
known featurein the context of pulsarmagnetospherest becameclearthata mismatch
atthelight cylinder could be removed by a properadjustmenbf the currentdistribution
andthe outerboundarycondition. Sucha procedurecanbe interpretedasan adjustment
of the “magneticpressuresquilibrium” betweenthe regionsinside andoutsidethe light
cylinder.

Another approachto the problemof relatiistic MHD outflows was undertalen by
Bogovalov (1997),who, obtainingstationaryrelativistic MHD solutionsby solving the
time-dependenproblem,foundindicationfor instabilitiesin the caseof high magnetiza-
tion. However, it is not clear(to me),whetherthe causeof theseinstabilitiesis numerical
or really physical. Interestingly Bogovalov finds solutionsonly with a weak degree of
collimation.

Sofar, the force-freesolutionspresentedy Fendtet al. areyettheonly truly global,
two dimensionaktationaryMHD solutionsfor relatuvistic jets availablein the literature.
The dravback of the force-freeapproachis the point that inertial forcesin the jet are
neglected.Thesehowever, might especiallybeimportantin the collimationregion of the
jet, althoughcorvincing agumentsweregiventhatfor highly relativistic jetsthe plasma
inertial back reactionmay indeedbe neglected(Contopoulos& Lovelacel1994, Fendt
1997aFendt& Memola2001).

5.1.5 Jet magnetospheres around black holes

Stationaryaxisymmetricvacuumelectro-magnetidields arounda Kerr black hole have
beeninvestigatedirst by Pettersorn(1975)andKing etal. (1975). Blandford& Znajek
(1977)and Znajek (1977, 1978a,b)recognizedthe possibility that force-freemagnetic
fieldscoupledto a fastrotatingblack hole mayleadto the extractionof rotationalenegy
and angularmomentumfrom the hole by a pure electro-magnetiprocess- a process
whichis now calledBlandford-ZnajekmechanismIn a simplified picturethis may hap-
penif therotationalvelocity of the black hole 2y differs from that of the magneticfield
lines Qr (the iso-rotationparameter).Consideringthesefield lines asrigid wires they
may just breakthe black hole rotation. The field lines may either be anchoredn the
surroundingaccretiondisk or in a Poynting flux dominatedet from the black hole. The
masdlux in thejetis sustainedy et —e~ pair productionin theclosemagnetospherand
alsoprovidesthe particlesto drive electriccurrents.Interestingly the Blandford-Znajek
mechanisnof enegy extractioncanberelatedto Ohmicdissipationcorrespondingo an
internaleffective resistancef the blackhole of 300hm(Znajek1978b).

With thedevelopmenbf the3+1split of Kerrspace-timg¢Thorne& Macdonaldl984,
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Macdonald& Thornel982,Thorneetal. 1986)theinterpretatiorof electrodynamigro-
cessesaroundrotatingblack holesbecomesnoretransparentFor a chosenglobaltime,
the tensordescriptionmay be split up in the usualfields vectorsB, E, the usualcurrent
density7, anda scalarchage density With that,the MHD equationscanbe formulated
very similar to their versionin flat Minkowski space. Using this powerful tool, Mac-
donald(1984)calculatechumericalsolutionsfor the magnetidield force-balanceround
rotatingblack holes. Threemodels(magneticfield distribution roughly radial, uniform,
or paraboidal)of differentially rotatingmagnetospheresereinvestigatedhowever, the
integrationregion waslimited to < 10 horizonradii.

Okamoto(1992)investigateshe evolution of a force-freeblack hole magnetosphere
and the possibility of enegy and angularmomentumextractiondueto a wind. Also,
by examiningthe fastmagneto-sonigoint for the outgoingwind andfor the wind di-
rectedtowardsthe blackhole,he dervedananalyticalexpressiorfor the poloidalcurrent
I(y) andthefield rotationlaw Q2 (¥) alonga singlemagneticfield line. This work has
beenfurtherextendedo non-dgenerateanagnetospherasmderthe assumptiorof a split-
monopolefield structure(Horiuchietal. 1995).

The generalrelatiistic expressionfor the stationarytrans-fieldequationincluding
inertial effectsis derivedby Nitta etal. (1991)andBeskin& Pariev (1993). Thisis the
mostgenerl versionof the Grad-Shafanov equation

In Fendt(1997a)hegenerarelatvistic Grad-Shafranoequations solvedin thelimit
of force-freeMHD (seeFig.5.3). Truly two-dimensionalsolutionswere obtainedfor
collimating jet magnetospherefsom disks aroundrotation black holes. The solutions
extendfrom theinnerlight surfacecloseto the black hole horizonthroughthe outerlight
surfaceto the asymptoticallycylindrical jet. For the asymptoticiet the one-dimensional
analyticaljet solution of Appl & Camenzind(1993b)could be used,asin this region
generarelatiistic effectsareunimportant.Again, takinginto accounta propertreatment
of theregularity conditionalongthe light cylinder, the resultingfield structureis a truly
globalsolutionof axisymmetridVIHD.

Solutionsof the so-calledwind equationin Kerr geometryconsideringthe stationary
plasmamotion alongthe magneticfield wereobtainedby Takahashet al. (1990),how-
ever, mainly discussinghe accretionflow onto the black hole. Fendt& Greiner(2001)
extendedthis work to the outflow regime discussingvariousspecificationdor the field
line shapeand magneticfield distribution. In particulay the influenceof the leadingpa-
rameterof Kerrmetric M = 0 anda = 0 ontheflow acceleratiorhasbeeninvestigated.
In generalthe wind flow for a smallerangularmomentumparameters is faster The
interpretations thatthe effective potentialof a black hole wealensfor increasingvalues
of a. Therefore lessmagneticenegy is necessaryo overcomethe effective potential.
Theresultshave beenbe appliedto the caseof microquasarsvith moderateasymptotic
Lorentzfactorsof about2.5(e.g. GRS1915+105).Takingin to accounthesemagnetohy-
drodynamiowind solutions Memolaetal. (2002)wereableto derive athermal,optically
thin X-ray spectrunof thejet flow very closeto its origin (Fig.5.4).
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Figure 5.3. Two-dimensionalmagneticfield structureof a jet from a rotating black hole. Solution of
the GS equationin Kerr metric (Fendt1997a)Shawn is the distribution of poloidal magneticfield lines
(flux surfaces)on the globalscale(left) andcloseto the black hole (right). Thelengthscaleis normalized
to the asymptoticlight cylinder radius(upper/ right boundary)or to the gravitational radius(lower / left
boundary) respectiely. The ellipsoidalspherecloseto the origin indicatesthe inner light surfaceandis
alsotheinnerboundaryfor the calculation.

5.1.6 Protostellar jets —high mass load and comple x internal geometry

Most of thetheoreticalwork discussedbove wasoriginally relatedto the issueof extra-
galacticjets. Pudritz& Norman(1983,1986)werefirst to suggesthatbipolar outflows
from young stellar objectsare centrifugally driven hydromagnetiavinds from rotating
disks. Here,theimportantpointis thatin jets from youngstarsthe samemechanismas
in therelatvistic jets— the magnetidforces— is alsoresponsibldor the flow collimation
Thatmagnetidields play anessentiatole in acceleratingplasmafrom rotatingstarsand
affectingtheirangularmomentumevolution hasalreadybeena subjectfor mary yearsin
the context of stellarwinds (e.g. Parker 1958, Weber& Davis 1967,Mestel1968,Gol-
dreich& Julian1970,Pneumarn& Kopp 1971,Belcher& MacGreyor 1976,Hartmann
& MacGreagor 1982). However, it now becameclearthat astrophysicajets from differ-
entkind of sourcesaregeneratedy a similar process.Thesemodelsof protostellarjet
formationapplyingstationaryMHD were accompaniedy the first modelsof the time-
dependenprotostellarjet formation (Shibata& Uchida1985,1986; Uchida& Shibata
1985,seebelaw).

The earlymodelsof protostellajet formationwereessentiallydisk jet models— with
thejet beinglaunchedrom theaccretiordisk surroundinghecentralstatr However, from
theobsenationsit becameclearthatalsothe protostarmay carry a magnetospheresuch

0.8
0.6
1 Z/R,

0.4

0.2



5.1. StationaryMHD models 49

1.0000 F T I 3
0.1000F E
o 0.0100F E
5
T T T I T T T I T T T I T T T I T T T I
0.0010¢ E “ d
\
— I
2
0.0001 ¢ E N
1 1 —
10 100 . !
X g \
(]
()]
T T T {
1))
b
(]
10—4_ i ~
ey
-t
»
—2 g
10 - e
Q é‘ 1023 -
3
100 . \
102} i AR R R SRR SR
. . 2 4 6 8 10

10 100 Energy (keV)

X

Figure5.4. ThermalX-ray emissiornfrom highly relatiistic MHD jets (Memolaetal. 2002).Left Solution
of theMHD wind equationin Kerr metric. Shovn is thepoloidalvelocityu, = vyv,/c andthedensityalong
aslowly collimatingmagnetidlux surface(seeFendt& Greiner2001). Thelengthscale(cylindrical radius
x) is normalizedto the gravitational radiusrg, the densityto the densityat the jet injectionradius8.3 7.
RightOptically thin thermalX-ray spectrunfrom theinnermosthot regionsof the expandingjet. Thetotal
spectrumis calculatedfrom the emissionof eachfluid elementof the jet consideringits actualvelocity,
densityandtemperature Shavn arethe total spectracombinedof the restframe spectrathin line) of the
flow elementsthe Dopplerboostedand shifted spectraof the jet elementamoving towards(upperthick
line) andaway from (lower thick line) the obsener, andthe combinedspectrumof thesetwo components
(middlethick line). Thejetinclinationis 20°.

a stardisk-jetmagnetospherieasa complex structurewherethe simplifying assumption
of self-similarity cannotbeappliedarnymore.

At the sametime it hasbeenrecognizedthat the massflow ratesof stellarjets are
relatively high. Thesecanactuallybemeasuredby applyingshockmodelsto theobsenred
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knotsin forbiddenemissiorines. Thisis in differenceto the caseof relativistic jetswhere
thedebateaboutthe mattercontentin thesgets(hadronicor leptonic)still continuesThe
task,thereforejn solvingthe MHD equationdor protostellarjet formationis to find the
most generalsolutionsto the GS equation— non self-similar becauseof the comple
geometryof the YSO, andalsonon force-free,sincestellarjets have a high massflow
rate.Sofar, this problemhasnot beensolvedin general.

It wasthe modelsetupof Camenzind1990)which first combinedthesefeaturesof
protostellarjet formationin a self-consistentvay. However, while giving estimatedor
importantjet parametersa solutionto the MHD equationsvasnot yet presentedAs an
interestingaspectCamenzind1990)raisedthe questionwhetherprotostellajetsmaybe
explainedalsoin arelatvistic contect. Dueto thefastrotationof the protostar(periodsof
theorderof days),the (hypothetical)ight cylinder of the stellarmagnetosphen&ould be
locatedinsidethe obsered jet radius. Note that a relativistic treatmentof MHD cannot
bewrongalsofor non-relatvistic objects,aslong asthe parametersrechoserproperly
Following the approachof Camenzind,global solutionsof the GS equation(Fendtet
al. 1995)aswell asfor the wind equation(Fendt& Camenzindl996)were obtained.
Thesearestill they only global, fully two-dimensionabolutionstreatingthe scenarioof
a stardisk-jetmagnetospherel he dravback,however, is the force-freecharacteof the
magnetidield.

In a seriesof papersShuandcollaboratorgpresentednalternatve modelof a proto-
stellarjet drivenby the massoutflow from the X-pointbetweerthe stellarmagnetosphere
and the accretiondisk (Shu et al.1994a,1994b). The model solutionsso far are not
global, i.e. the authorspresentseparatesolutionsfor the sub-Alfvenicregion (Najita &
Shu1994),theaccretionfunnelandthe “deadzone” (Ostriker & Shul1995)andalsofor
the asymptoticregion of collimation (Shuetal. 1995, Ostriker 1997). The main point of
theirapproachthe proposedxistenceof anX-point andits ability to launchajetis under
debatgseeFerreiraetal. 2000),howeverthedervedmodelsolutionsarecompleten the
sensehatthey cover the whole spatialrangefrom the centralstarto the asymptoticjet.
They arealsoself-consistenin thesensehatthey do notassumen generahk self-similar
or force-fregjet structure.

Yet anotherself-similarapproachwasundertalen by Tsinganosand Sautysearching
for analyticaMHD solutionsto the jet problem(Tsinganos& Sauty1992a,b,Sauty&
Tsinganosl994,Sautyetal. 1999). Theapproachs thatof a so-calledmeridionallyself-
similarity, i.e. a self-similarity notin the sphericalradiusr but in the anglef. Another
new issuehereis to consideralsoa non polytropic gaslaw for the outflon. Somebasic
assumptiorwhich hasbeenmadehereis to prescribea sphericakhapeof the Alfv énsur
face.Theseautomaticallyimpliesthatthe gasdensityshouldbetakenasa separabléorm
(Sauty& Tsinganosl994).Further only thefirst ordertermsof a multipole expansiorfor
themagnetidlux functionaretakeninto account.n theend,the calculationgyive a (spa-
tially) oscillatingasymptotiget structure.As a conditionfor jet collimationthey require
anexcessof the Bernoulli enegy alongnon-polarstreamlines. A similar approachwas
undertalen by Trussoniand co-authorgTrussoniet al. 1997), however, usingan ansatz
which prescribeghe generalkstructureof thefield lines.

In thesamedirectiongoestheapproactby Lery andco-authorsvholookedfor MHD
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jet solutionprescribingthe shapeof the magneticsurfaceswithin the fastmagneto-sonic
surface(Lery etal. 1998,1999a) With thatassumptionthe solutioncould be integrated
alsoin the supemagneto-sonicegime.

Kudohandco-authorgnvestigatedn particularthe region of the jet launchingclose
to thediskapplyingone-dimensionatationaryMHD models(Kudoh& Shibata(1997a),
1Dtime-dependen(Kudoh& Shibatg1997b)andtwo-dimensionalime-dependennhod-
els (Kudohetal. 1998)to derive the massloadingfrom the disk into thejet and,e.qg. its
dependencé&om the actualiso-rotationparametemhich could be sub-Keplerian. The
time-dependentesultsconfirmthe stationarysolutionsin onedimensionaswell in two-
dimensional.

The model of Lovelaceet al. (1995,1999) discussesn essentiaklternatve to the
classicalBlandford-Riynecentrifugalslingshotlaunchingmechanisnfor jets. They in-
vestigateheevolution of a stellardipolarmagnetosphersurroundedy anaccretiondisk
andtheassociatedpin-up/devn of the centralstar Differentialrotationbetweerthe star
andthedisk leadsto winding-upthe poloidalmagneticfield. The magnetigpressureyra-
dientin theinducedtoroidalfield componentinally inflatesthe magneticfield in vertical
direction, leaving the possibility of magneticallydriven outflows in the region of open
field lines. Thus,in differenceto the Blandford-Raynemagneto-centrifugacceleration,
theseoutflows aredrivenby the magnetigpressureyradientin thetoroidalmagnetidield.
Theseideaswerelaterconfirmedby the MHD simulationgHayashietal. 1996,Miller &
Stonel997,Goodsoretal. 1997,Fendt& Elstner2000).

A recentadditionto the theoryof stationaryMHD flows hasbeenpresentedy Be-
skin & Kuznetswoa (2000)deriving the mostgeneralform of the non-relatvistic Grad-
Shafran@ equationwhereanisotropicpressureeffectsareformulatedwithin the double
adiabaticapproximation.

In summaryonemuststatethatthetheoreticalproblemof protostellajet formationis
notyetsolved. Thereis ageneralgreemenaboutthe basicprocessesHowever, thereis
sofar no self-consistentiwo-dimensionakolutionof the stationaryMHD equationpub-
lishedwhich coversall the importantfeaturesknown from the obsenrations— the high
massflux (the plasmainertia), the high degreeof collimation,andthe complex magneto-
sphericstructureof the stardisk-jetsystem.

5.1.7 s there really a MHD self-collimation ?

Recently therehave beena numberof papersamuing againstthe existenceof a general
self-collimatingpropertyof MHD flows. In fact, althoughsucha propertyhasbeensug-
gestedby Heyvaerts& Norman(1989)and Chiuehet al. (1991) by analyticalmeans,
a direct numericalproof following the time-dependengvolution of the MHD flow was
missingfor alongtime.

Self-similarmodelsdo not includethe jet axis andalsoextendto infinity. They can
thereforehardly describethe global structureof the flow. Someof thesemodelsshov
actuallyasuperefficientcollimationleadingto are-collimationto theflow towardsthejet
axis. This, however, hasbeenprovento beindeedanartifactintroducedust by the self-
similar assumptior(Ferreiral997). The two-dimensionakolutionby Sakuraidoesnot
substantiallycollimate(notethelogarithmicscalein Fig.5.2). Thetruly two-dimensional
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global force-freerelatiistic solutions(Fendtet al. 1995, Fendt1997,Fendt& Memola
2001)donotconsideiinertialforceswhichmaypossiblyde-collimatethejet. Furtherasa
generaktharacteristicthestationaryapproactcannevertell whetherthederivedsolutions
arestableandreally stationaryin time. Onemight find thata certainsolutionexists, but
doesnotknow whetherit canevolve from someinitial state,nor whetherit will staylike
thatif it couldevolve furtherfrom the stationarystate.

In particulay Okamotoandco-workershaveraisedobjectionsagainstheself-collimation
mechanisnmasa naturalpropertyof any rotatingMHD flow (Okamoto1997,2000,2001;
Beskin& Okamoto2000). Okamotoarguesthatalmostall previously developedmodels
of MHD jet collimation or processeglaiming magneticcollimation are unsatiséctory
with respectto causalityand the current-closurecondition. He concludeshat magne-
tizedwinds asa whole will not collimateto the rotationaxis without any externalhelp,
suchaschannelingeffects of a thick accretiondisk and/orconfinementy the ambient
medium(Okamoto1997,1999). Takinginto accounttheseconstraintsthe MHD flows
discussedofarin theliteraturearelik ely to beasymptoticallyof “quasi-conically”struc-
ture (Okamoto2000,Beskin& Okamoto2000,0kamoto2001).

Sofar, the questionof a self-collimationof MHD jets hasnot yetbeenansweredlef-
initely. 1 think thatwith the numericalsimulationswe now have a rathergoodargument
for theexistenceof theMHD jet self-collimationasa genericproperty Though,onemust
notethatevenif thetime-dependergimulations(e.g. Ouyed& Pudritz1997a)show the
flow self-collimationfor particularcasesthe spatialscalesnvestigatedvith thatsimula-
tionsis far below the obseredglobaljet structure(seealsonext section).

5.2 MHD simulations of jet formation

As it is mostclearlyvisible in themoving jet knots,a jet is not a steadystatefeature.On
theotherhand weknow thatthelarge-scalget structureof thejet remainsstablefor along
time aswe seethe knotsmoving in the samedirection. Therefore we might distinguish
betweerthe“almoststationary’jet “back-bone” probablyconsistingof analignedlarge-
scalemagneticfield, andthe time-dependentyet unknovn “knot generator”. Thus,the
formationof knotsasa short-timephenomenomight not be directly connectedo the
large-scalget structureitself. Indeed,the obsered, highly symmetricstructureof the
protostellarjet HH 212 (Zinnecler et al. 1998) strongly suggesthat the generationof
knotsmusttriggeredby someprocessntrinsic to the accretiondisk.

Thus, one major issueof the simulationof jet formationis to prove the feasibility
of the MHD self-collimation. With axisymmetricsimulationsone may prove whether
sucha mechanismexists at all. Additional three-dimensionadimulationscanprove the
stability of the two-dimensionakesults. In orderto investigatethe time-dependenet
launching, theaccretiondisk structuremustbeincludedin thetreatment As we will see,
this approachis yetlimited eitherby the computationatesource®r by the choiceof the
accretiondisk model.

Thefirst numericalMHD simulationsof jet formationwereperformedby Shibata&
Uchida(1985,1986)andUchida& Shibata(1985). Theirmodelconsistof arotationgas
disk penetratedby the magnetidield. In generaltherotationof the accretiondisk winds
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Figure5.5. MHD simulationof thejet formationfrom anaccretiondisk (Ouyed& Pudritz1997). Shovn

arethe densityand poloidal magneticfield distribution at¢ = 0,100, 400 rotationsof theinneraccretion
disk. The simulationsstartswith a force-freepotentialmagneticfield in a hydrostaticdensitydistribution.

Theaccretiordiskboundaryconditionis locatedalongther-axis. The Alfv énsurfaceandthefastmagneto-
sonicsurfaceis indicatedby the asterix.

uptheinitial poloidalmagnetidield. Theresultinghelically twistedfield pusheshegasin

polardirectionby the Lorentzforce. This modelis, however, differentfrom the classical
approaclof Blandford& Payneasit worksmainlywith themagnetiqressurgradientand
not with the magneto-centrifugahcceleration.The removal of disk angularmomentum
by the magneticfield, alsoleadsto an enhancedaccretion. As the disk contracts,the
magnetidield becomesadwectedbothin radialandazimuthaldirection.

After this early approachtowardsthe numericaljet launching,mostof the numerical
jet simulationswvereconcentratingpnthe“simpler” caseinvestigatingheevolution of the
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asymptotic,collimatedjet andits interactionwith the interstellarmatter Thesesimula-
tions demonstraténow the jet propagateshroughthe ambientinterstellarmedium,how
thebow shockformsandhow thejet canmaintainthe collimationalongtheits trajectory
(Kossl& Miller 1988;Kossletal. 1990a,blind etal. 1989;Wiita etal. 1990;Blondin
etal. 1990;de Gouwiadal Pino& Benz1993).Suchsimulationsassumesan*“inflow”

boundarycondition an alreadycollimatedflow of high velocity. They do not treatthe
guestionhow suchajet canactuallybelaunched.

Thetopic of modelingthe jet formationprocessvasagainintroducedby Ustyugora
etal. (1995). Thebasicideaof this paperis thatfor a jet formationMHD simulationone
may considerthe accretiondisk “only” asa boundaryconditionfor the massinflow into
the coronaandthe magneticflux distribution. The evolution of the disk structureis not
consideredwhich allows for a numericalsimulationfor hundredof Keplerianperiods.
With thesameansatzRomanwaetal. (1997)find steadystatesolutionsasa final stateof
atime-dependergimulationof aninitially split-monopoleype disk magneticfield. The
stationarystatehasbeenreachedfteraboutl00Keplerianperiodswith aclearindication
of aflow collimation.

Ouyed & Pudritz (1997a) presentedime-dependensimulationsof the jet forma-
tion from a Kepleriandisk. This paperwasfirst to demonstratechumericallythe self-
collimating propertyof rotatingMHD flows predictedby Heyvaerts& Norman(1989).
EssentiallyOuyedandPudritzstarttheir simulationfrom a stablehydrostatianitial con-
dition, namelya force-freepotentialfield anda hydrostaticdensitydistribution. During
thefirst evolutionarystagesa disk wind evolvesandthe poloidalmagnetidield becomes
wound-updue to the differential rotation betweenthe disk and the corona. The disk
wind becomesuperAlf énicandsupermagneto-soniandcollimatesto almostcylindri-
cal shape. The jet streamsweepsout the initial coronaand after 400 disk rotationsa
stationarystateof a collimateddisk wind evolves(Fig.5.5). The existenceof suchsta-
tionarystateshowever, depend®n theinflow boundaryconditionalongthedisk surface.
In afollow-up paperOuyed& Pudritz(1997b)investigatedaninitially cylindrical mag-
neticflux distribution. Whatis interestinghereis the factthatan outflow developsatall.
The disk wind inertiaturnstheinitially cylindrical poloidalfield into a field distribution
with aninclinationanglesatisfyingthe Blandford& Payne(1982)conditionfor magneto-
centrifugallydrivenoutflows. In thelongtermevolution, however, thesekind of boundary
conditionsdo notleadto astationaryequilibriumstate.Insteadthis setupworksasaknot
genea@tor emittingtheknotsfrom aregion alongthejet axis(on a spatialscale however,
whichis not comparablédo the size of the obsened jet knots). Ouyed& Pudritz(1999)
furtherinvestigatedhe influenceof the massflow rateson thejet collimation. For small
massloadsin the jet, they obsere the onsetof an episodicbehaior (instabilitiesand
shocks)of thejet, independentrom theinitial magneticconfiguration.

The paperof Ustyugovaetal. (1999)givesa detailedanalysisof the stationarystate
MHD jet solutionsobtainedrom thetime-dependergimulations.They claimthethatthe
shapeof thecomputationabox mayinfluencethecollimationof theflow. In particular an
elongatechumericalgrid mayleadto anartificial collimation of the flow, aneffectwhich
doesnotoccurin the caseof agrid of sphericalor squareshape.

The ansatzof a fixed disk boundaryconditiondevelopedby Ustyugoraetal. (1995)
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and Ouyed& Pudritz (1997a)hasbeengeneralizedy Krasnopolsk et al. (1999). In
this approachonly the disk magneticflux is consered during the simulation, but not
the magneticfield direction. The results,however, look quite similar, asthey obtaina
stationarysuperfastmagneto-soniget after some100 periods. Oneshouldnotethatin
differenceto Ouyed& Pudritza smoothedyravitational potentialhasbeenused.

Fendt& Elstner(1999,2000)have alsousedthe approachof atime-independerdisk
boundarycondition, however applying a centralstellar dipolar magneticfield asinitial
condition. The main differenceis thatsucha field decreasesapidly alongthe disk. As
the disk magneticfield distribution is presered during the simulation,this is animpor-
tantconstraintfor the jet formationformation— it is basicallyconnectedo the question
whetherthejet originatesasa stellaror adiskwind. Fendt& Elstner(2000)alsofind that
the outflow canevolve into afinal stationarystate,in this casea two componenbutflov
from the stellarsurfaceandfrom the disk. However, the outflow remainun-collimatedon
thespatialscalesconsideredTwo potentiallyimportantconclusionsnightbedravn from
thisresults.First, thestellardipolarfield mightnotbe strongenougho drive acollimated
jet from the disk surface. Or, alternatvely, the collimation of the jet will just happenat
largerradii, out of the computationabox consideredThis would be alsoconsistentvith
the obsenationsshowving arapid collimationin directionof the jet axis, but, atthe same
time, a jet radiusmary time larger thanthe computationabox. If the latter interpreta-
tion is correct,the questionarises,what actually collimatesthe jet in the outerregions.
Externalpressureseemso bethe only answer

Sofar, thejet formationsimulationsconsideringhedisk asafixedboundarycondition
have shovn thata MHD self-collimationprocesseemdeasible althoughthe outcomeof
the simulationseemso be sensitve to the choiceof the disk magneticflux distribution.

Theotherclassof jet formationsimulationsconsiderghedisk not only asaboundary
condition,but alsotreatsthe disk structuretogetherwith the launchingof the disk wind.
Suchsimulationshave beenperformedfor young stellar objectsaswell asfor systems
containinga centralblackhole. Thegeneraproblemhere,andthis hasnotchangedince
theearlywork by UchidaandShibatajs thatsuchsimulationscanbe performedonly for
afew rotationsof theinnerdisk. Thereasonseemsdo be the lack of anappropriatedisk
model.l will discusghis modelsin the next section.

5.3 Disk-jet interaction

Theultimategoalfor the jet formationtheoreticians the simulationof jet formationout
of theaccretiondisk However, sofar no generaltheoreticaimodelexists explaining the
onsetof jet formationfrom the accretiondisk. The mainreasonfor this “failure” is that
several simplifying assumptionsisuallymadewhenconsideringhe disk or thejet alone
arenotvalid in the caseof a combinedtreatmentof both componentsThe widely used
assumptiorof ideal MHD, for example,is in clearcontradictionwith a highly turbulent
accretiondisk. Onthe otherhand,turbulenceseemso be animportantingredientin disk
physicsproviding the angularmomentuntransportaswell asthe sourcefor a magnetic
field generatingdynamo.Then,the large contrastbetweerdiskin jet in several physical
propertiesjn particularthedensity requirea very high grid andtime resolution.
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Here,l will notgointo adetaileddiscussiorof thistopic sincethe mainsubjectof this
thesisis thequestionof how to collimateandaccelerat@ magnetohydrodynamiutflow.
However, it is interestingandalsonecessaryto discussat leasta few modelsconsidering
thedisk-jetconnection.In the end,thejet is launchedrom the accretiondisk and, thus,
thejet formationbeinggovernedby the propertiesandthe evolution of theaccretiondisk.
Thebasictaskis to connectalow velocity, low temperaturemagnetizedgtreamof matter
of high density(the disk) with anotheronewith “opposite” propertieqthe jet) moving in
perpendiculadirection.

5.3.1 Stationar y MHD

In the stationarycasea numberof suchmodelshave beenworked out. All of themtake
advantagdrom theassumptiorof a self-similarstructureof the Keplerianaccretiondisk.
In thesemodelsthedisk physicds notalwaysconsideredh fully self-consistentvay. The
numericaldifficultieswhich arealreadypresenivhendealingwith thejet formationonly
(acceleratiorandcollimation)becomesvenworseif oneincludestheaccretiondiskin the
treatmentAs a consequencesomemodelsneglect“essential’featuresof accretiondisks
whenconsiderghedisk-jetconnection Someneglect,for example,radiationtransportas
animportantaspecfor the enegy balanceof accretiondisk. Others,gnorethe presence
of aturbulentpatternwhichareessentiabothfor theangulaTmomentuntransporandfor
the excitation of a magneticfield generatingdynamo. Ambipolar diffusionis prominent
in the weakly ionized, cool regions of a disk, a point which is especiallyimportantfor
protostellardisks.

Stationarymodelsof thedisk-jetinteractionhave beenpresentee.g. by Lovelaceand
collaboratordiscussinghe the global electrodynamic®f a viscousresistve accretion
disk arounda Schwarzschildblack hole (Lovelaceetal. 1987,Wangetal. 1990). Their
solutionsof the disk fluid dynamicsincludea self-collimatedelectromagneticelatvistic
jet.

The most comprehensie study of the stationaryjet launchinghasbeenperformed
by Ferreiraandco-authorsn the non-relatvistic limit (seeSect.3.7; Ferreira& Pelletier
1993a,b,1995;Ferreiral997,Cassek Ferreira2000a,b).Thestrengthof thisapproachs
thatthe disk-jetconnectiontself is calculatedn a self-consistentvay with a continuous
transitionfrom the disk accretionto the jet ejection.In particular the mechanisnof how
to launchthe jet perpendiculato the accretionflow becomedransparenaspurely due
to magnetidorces. Theseforceseitheracceleratehe matterin toroidaldirectionleading
to a centrifugalforce along the disk coronalmagneticfield or, dueto a decreasef the
vertical Lorentzforcein the disk, resultin lifting-up the disk materialinto the jet dueto
gaspressure.The jets canbe mostly describedby the parameteiof the ejectionindex,
which is a local measureof how efficient the accretionstreamis corvertedinto the jet
ejection. Theinjectionindex is foundto lie in a very narrav rangeandis constrained
by the disk vertical structureand also the angularmomentumtransfer Ferreira(1997)
further pointedout the following importantresults. First, the investigationof the disk
vertical equilibriumimplies a minimummassfor the jet ejected.Secondthe asymptotic
behaior of thejet flow dependgritically ontheratio of theiso-rotationparameteto the
poloidal Alfv én speedat the Alfv én surface. This ratio mustbe larger than, but of the
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orderof, unity. Anothergenerakesultis thatself-similarjetsfrom Kepleriandisks,after
wideningup to a maximumijet radius,alwaysre-collimatetowardsthe jet axis, until the
fastmagneto-sonicritical pointis reachedFerreiradoubtsthat suchsolutionscancross
this critical point maintainingstationarity the jet eitherendingthereor re-bouncing(a
similar effect hasbeenobsenedby Fendt& Camenzindl996for two-dimensionakolu-
tions). There-collimationhappensiueto the increasingeffect of magneticconstriction
andmostprobablycausedy thelarge openingof the magneticsurfaceswhichis aresult
of assuminga constangjectionefficiency acrossall surfaces.

In othermodels,the structureof the turbulent, magnetizechccretiondisk is derved
togetherwith the disk magneticfield distribution. In Shalyblov & Rudiger (2000) it
is shawvn thatin the caseof a strongvertical field the disk rotation can departfrom a
Keplerianlaw. The poloidal magneticfield inclinationangleabove the disk satisfieshe
Blandford& Payneconditionfor jet launchingfor awide rangeof the turbulentmagnetic
Prantlinumber Thesestudiesvereextendedncludingaself-consistenhonlineardynamo
model(v. Rekowski etal. 2000),assumingeithera positive or negative sign of thealpha-
effect. Besideshangingcertaindisk propertiesastemperaturer densitydistribution, the
differentsign essentiallyleadsto a differenttopologyof the global disk magneticfield —
a quadrupolarfield geometry(positive alpha-efect) andan opendipolar field geometry
(negative alpha-efect). Only thelatteris well suitedfor jet launching.

5.3.2 MHD simulations

In the recentyears,more and moretime-dependergimulationsof accretiondisks have
beenperformedwhich alsoincludea possibleoutflow from their corona.

Thereareseveral papersconsideringthe evolution of a stellarmagneticdipolein in-
teractionwith adiffusive accretiondisk takinginto accountalsothe evolution of thatdisk
(Hayashiet al. 1996, Miller & Stonel1997), Goodsonet al. 1997,1999a,b). In these
papersa collapseof the innerdisk is indicateddependingon the magneticfield strength
anddistribution. The resultsof Goodsonet al. (1997,1999)and Goodson& Winglee
(1999)areespeciallyinterestingsincecombininga hugespatialscale(2 AU) with a high
spatialresolutionnearthestar(0.1R).

The mainproblemis thatin generalthesetime-dependengimulationslastonly for a
shorttime scaleof severalto tensof innerdisk rotations.However, it is essentiato follow
the evolution of sucha magnetospheraver manyrotationalperiods. Thisis of particular
importancaf theinitial conditionof the simulationis notin a steadyequilibrium.

Koide etal. (1998)werefirst to performgeneralrelativistic MHD simulationsof jet
formationcloseto theblackhole. In theirmodel,theinteractionof aninitially cylindrical
magneticfield with a Keplerianaccretiondisk resultsfirst in aninflow of mattertowards
the black hole. This accretionstreaminteractswith the hydrostaticcoronaaroundthe
blackholegiving riseto arelativistic gaspressurelrivenjet. At largerradiiamagnetically

3At this point, we emphasizehat the obsered kinematictime scaleof protostellarjets canbe aslarge as10® —
10* yrs, correspondingo 5 x 10* — 5 x 10° stellarrotationalperiods(andinner disk rotations)! For example,proper
motion measurement®r the HH30 jet (Burrows etal. 1996)give a knot velocity of about100 — 300 kms~! anda
knot productionrate of about0.4 knot peryear Assuminga similar jet velocity alongthe whole jet extendingalong
0.25pc (Lopezetal. 1995),the kinematicageis about1000yrs.
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drivenwind is initiated from the accretiondisk. The simulationswereperformedfor less
thantwo rotationsof theinnerdisk (correspondingo lessthan0.02rotationsof the disk
atthe outeredgeof the grid). Althoughtheseresultsof thefirst fully generalrelativistic
MHD simulationslook indeedvery exciting, someobjectionscan be raisedaboutthe
underlyingmodel. The initial condition appliedis that of a hydrostaticcoronaaround
a black hole, an assumptiorwhich is not compatiblewith the boundaryof a black hole
horizon.Sucha configurationis not stableandwill immediatelycollapse.

Recently the authorsextendedtheir work applying an initial coronal structurein
steadyin-fall surroundinga non-rotatingblack hole (Koideetal. 1999)andalsoconsid-
eredthe quasi-steadyn-fall of the coronaarounda Kerr black hole (Koide etal. 2000).
Again, the computationswere lasting over a few inner disk orbits. Therefore,the ob-
sened eventsof massejectioncould still be arelict of the initial conditionandmay not
be presenin thelong-termevolution.

Sofar, all numericalsimulationsof jet formationincluding the treatmentof the disk
structurecould be performedonly for a few Keplerianperiodsof the inner disk (anda
fraction of thatfor the outerdisk). The main pointis herethatin all caseghe disk-jet
interactionhasnot beentreatedn afully self-consistentvay. For example,someauthors
treatthedisk physicsin theidealMHD approachOthersassume standarav-disk model
asinitial condition,but thenneglectingtheviscoustermsfor thetime evolution. Or they
prescribesharpedgesbetweenthe disk andjet andnot a smoothtransition. Clearly, the
simulationof thelong-termevolution of the disk-jetinteractionrequiresto combinefully
self-consistentmodelsof disk andjet physics.

In summarya future,completeunderstandingf the MHD jet launchingcanbe only
expectedfrom suchkind of modelsimulations. The formationof a jet outflow perpen-
dicular the accretingstreamof matterwill remainthe basictaskfor the jet formation
theoreticiaroverthenext decades.



Chapter 6
Summary of the publications
appended below

In the following, | summarizespecificaspectsof my publicationsin connectionwith
the topic of this habilitation thesis. | will distinguishthe publicationsbetweenpapers
following theapproactlof stationaryMHD, thepaperdealingwith time-dependeriHD
simulationsandthe paperswvhich aremoreconnectedo obsenationallyrelatedissues.

6.1 Stationar y models of relativistic MHD jets

As explainedin Sect4.5, 4.6 the stationaryrelatiistic MHD equationscanbe reduced
to the two issuesof collimation and acceleation, thus, to the problem (i) dealingthe
structure of thejet magnetidield (the GS solution)and(ii) the problemconsideringwith
thedynamicsof theflow of matteralongthe magnetiget (thewind equation).

In afirst step,thefinite elementcodefor relativistic MHD developedpreviously has
beenextendedto relatiistic jet sourceswherethe jet sourceenclosesa rotating black
hole.

Thereis commonbelieve thatsuperluminajet motionfrom active galacticnucleiand
from galactichigh enegy sourcesriginatesin the magnetizedrnvironmentof arotating
black hole surroundeddy an accretiondisk. The structureof thesejet magnetospheres
follows from solutionsof the Grad-Shafrane equationfor the force-balancebetween
axisymmetricmagneticsurfaces.In Fendt(1997a)two-dimensionaforce-freesolutions
of the streamequationare numerically obtainedin a generalrelativistic context (3+1
formalism on Kerr geometry). In orderto solve the GS equation(also called stream
equation)thenumericalmethodof finite element$hasbeenapplied.In thisapproachthe
regularity conditionsalongthelight surfacesareautomaticallysatisfied.After iteratively
adjustingthe poloidal currentdistribution and the shapeof the jet boundary one finds
a magneticfield configuration(the field configuration)without kinks at the outer light
surface.Thesolutionsobtainedareglobal solutionsextendingfrom theinnerlight surface
of the Kerr black hole to the asymptoticregime of a cylindrically collimatedjet with a
finite radius. Dependingon the accretiondisk magneticfield boundarycondition,some
of thesolutionsstronglyindicateon ahollow jet structure. Themagnetidield distribution
of thejet shavsafastcollimationbeyondadistanceof aboutonelight cylinderaway from
the centralsource. The asymptoticjet radiusis about3-5 light cylinder radii with a jet
expansionfactor(asymptotiget radiusto jet foot point radius)of about10-100.
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In the next papersthe differentialrotationof the jet launchingaccretiondisk is con-
sidered.

As first steptowardsa two-dimensionakolutionof the GS equationthe asymptotic
regime of a cylindrically collimatedjet is investigated.This is necessaryn orderto pro-
vide the properboundaryconditionsfor the two-dimensionakolution. In Fendt(1997b),
theasymptotidield structureof differentiallyrotatingmagnetigetsis investigatedwiden-
ing thestudyby Appl & Camenzind1993a,b)In generaltheresultsshav that,with the
samecurrentdistribution, differentially rotating jets are collimatedto smallerjet radii
as comparedwith jets with rigidly rotating field. In turn, differentially rotating jets
needa strongemet poloidal currentin orderto collimateto the sameasymptoticradius.
Current-freesolutionsarenot possiblefor differentially rotatingdisk-jet magnetospheres
with cylindrical asymptotic.The paperpresentsa simpleanalyticalrelationbetweerthe
poloidal currentdistribution and magneticfield rotationlaw. Also a generalrelationis
derivedfor the currentstrengthfor jetswith maximumdifferentialrotationandminimum
differentialrotation. Analytical solutionsarealsogivenin the caseof afield rotationlead-
ing to a degeneratiorof thelight cylinder. Becausdield rotationandelectriccurrentare
conseredquantitiesalongtheforce-freefield lines,oneis enabledo connectheasymp-
totic solutionto a Keplerianaccretiondisk. This allows to derive the total expansionrate
for thejet, andalsotheflux distribution atthefoot pointsof theflux surfacesarederived.
Large poloidal currentsimply a strongopeningof flux surfaces,a strongergradientof
field rotationleadsto smallerexpansionrates. Thereis indicationthat extragalacticjet
expansiorratesarelessthanin the caseof protostellaijets. High massAGN seemo have
largerjet expansiorratesthanlow massAGN.

Having now at handthe properasymptoticboundarycondition (Fendt1997b),the
full two-dimensionafield structureof thesesourcecanbeobtained.In Fendt& Memola
(2001)theaxisymmetricstructureof collimating,relatwistic, stronglymagnetizedforce-
free) jets hasbeeninvestigated Essentially the differentialrotationof the foot pointsof
thefield linesis includedin thetreatmentThemagnetidlux distributionis determinedy
the solutionof the Grad-Shafrano equationandthe regularity conditionalongthe light
surface. As the main difficulty, with differential rotationthe shapeof the light surface
is not known a priori andmustbe calculatedin aniteratve way. For thefirst time, the
force-freemagneticstructureof truly two-dimensionalrelativistic jets,anchoredn adif-
ferentiallyrotatingdisk hasbeencalculated.This approachallowsfor adirectconnection
betweerparameter®f the centralsource(mass rotation) andthe extensionof theradio
jet. In particular this canprovide adirectscalingof thelocationof theasymptotiget light
cylinderin termsof thecentralmassandtheaccretiordisk magnetidlux distribution. The
paperdemonstratethatdifferentially rotatingjets mustbe collimatedto a smallerradius
in termsof the light cylinder if comparedo jets with rigid rotation. Also, the opening
angleis smaller In general,differential rotation of the iso-rotationparameteteadsto
anincreaseof the jet openingangle. Theseresultsareapplicablefor highly magnetized,
highly collimated,relatvistic jets from active galacticnucleiand Galacticsuperluminal
jet sources.Comparisorto the M87 jet shavs agreemenin the collimation distance.A
light cylinder radiusof the M87 jet of 50 Schwarzschildradii canbederived.

Sofar, the papersonsidertheforce-freemagnetidield structureof a collimatingrel-
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ativistic jet. Whatis alsointeresting,and haseven more obsenationalimplications,is
theflow dynamicsalongthejet magneticfield. In Fendt& Greiner(2001)the dynamics
of magneticallydriven superluminajets originating from rotatingblack holeshasbeen
investigated. For this, the stationary generalrelatiistic, magnetohydrodynamiwind
equationalongcollimating magneticflux surfaceshasbeensolved numerically Thejet
solutionsare calculatedon a global scaleof spatialrangefrom severalto several 1000
gravitational radii andfor differentmagneticfield geometriesFor a givenmagneticflux
surfacewe obtainthe completesetof physicalparametergor thejet flow. The numerical
resultsareappliedto the GalacticsuperluminakourcesGRS1915+105and GRO 1655-
40. Theobsenedspeedf morethan0.9c canbe achieredin generaby magnetohydro-
dynamicaccelerationThevelocity distribution alongthe magneticfield hasa saturating
profile. The asymptoticjet velocity dependsitheron the plasmamagnetization(for a
fixedfield structure)or on the magneticflux distribution (for fixed magnetization).The
distancewherethe asymptoticvelocity is reachedjs belov the obsenationalresolution
for GRS1915+105by several ordersof magnitude.The plasmatemperatureapidly de-
creasedrom about10'°K atthefoot point of the jet to about10°K at a distanceof 5000
gravitationalradii from the source. Temperatur@andthe massdensityfollow a power law
distribution with the radius. The jet magneticfield is dominatedoby the toroidal compo-
nent,whereaghevelocity field is dominatedoy the poloidalcomponent.

Motivatedby the high temperaturefoundin the wind solutioncloseto the origin of
thejet, the possibility of X-ray emissionfrom this partof thejetsbeendiscussedindeed,
applyingthe MHD wind solutionof Fendt& Greiner(2001),Memolaetal. (2002)were
ableto derive the optically thin thermalX-ray spectrumincludingiron emissionlinesin
thejet (seebelow).

6.2 MHD simulations of jet formation

The self-collimationpropertyof MHD jets hasbeendemonstratethy Ouyed& Pudritz
(1997).However, thesesimulationswerecarriedout for a certaininitial field distribution
of a potentialfield of “paraboidal’shapeanchoredn the disk. However, we know thatin
thecaseof protostellajetsthecentralstarmayalsocarryamagnetospherepostprobably
muchstrongerthanthe disk magneticfield. It is thereforeessentiato investigatethe jet
formationprocessalsofor sucha modelsetup.

In Fendt& Elstner(1999)the evolution of a stellardipolartype magnetosphernater-
actingwith a Kepleriandisk is investigatechumericallyusingtheideal MHD ZEUS-3D
codein theaxisymmetryoption. The evolution of theinnermostregion aroundthe stellar
objecthasbeencomputedisinga non-smoothedravitationalpotential. Thediskis taken
asa boundaryconditionprescribingthe massinflow into the corona. Dependingmainly
on the magneticfield strength,our simulationslast severalhundredK eplerianperiodsof
theinnerdisk. The mainresultis thatthe dipolar structureof the magneticfield almost
completelydisappearsAn expandingbubble of hot gasof low densityformsdisrupting
theinitial dipolarfield structure A diskwind acceleratewithin thetime limit of thesim-
ulationto velocitiesof about0.5 the Keplerianspeedandpotentiallymay developinto a
stationarycollimatedjet. Simulationswith arotatinganda non-rotatingstarshaw signifi-
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cantdifferencesIn the caseof arotatingstarduringthe veryfirst time stepsa high speed
outflow alongtheaxisis initiated which doesnot exist in the caseof a non-rotatingstar

This modelsetupwasfurtherinvestigatedn Fendt& Elstner(2000).Indeed the sta-
tionary statesolutionssuggestedby the earlierresultswerefound. Dependingmainly on
the magneticfield strength,the simulationswere lasting for several thousandof Kep-
lerian periodsof the inner disk. As before,a Kepleriandisk is assumedisa boundary
conditionprescribinga massinflow into the corona. Additionally, a stellarwind from a
rotating centralstaris prescribed.The major resultis thatthe initially dipole type field
developsinto a sphericallyradialoutflow patternwith two maincomponentsa disk wind
and a stellarwind component. Thesecomponentsvolve into a quasi-stationanfinal
state. The poloidal field lines follow a conical distribution. As a consequencef the
initial dipole, the field directionin the stellarwind is oppositeto thatin the disk wind.
The half openingangleof the stellarwind conevariesfrom 30° to 55° dependingon the
ratio of the massflow ratesof disk wind andstellarwind. The maximumspeedof the
outflow is aboutthe Keplerianspeedattheinnerdisk radius.An expandingbubbleof hot,
low densitygastogethemwith thewinding-upprocessiueto differentialrotationbetween
staranddisk disruptstheinitial dipoletypefield structure.An axial jet formsduringthe
first tensof disk/starrotations,however, this featuredoesnot survive on the very long
time scale. A neutralfield line dividesthe stellarwind from the disk wind. Depending
on the numericalresolution,smallplasmoidsareejectedn irregulartime intervalsalong
this field line. Within a coneof 15° alongthe axis the formationof small knotscanbe
obseredif only a weakstellarwind is present.Essentially with the chosenmassflow
ratesandfield strengthno indicationfor a flow self-collimationhasbeenfound. Thisis
dueto the smallnetpoloidalelectriccurrentin the (reversedfield) magnetospherehich
is in differenceto typical jet models.

Protostellajets mostprobablyoriginatein turbulentaccretiondisks surroundingthe
youngstellarobjects. In Fendt& Cemeljic (2002) the evolution of a disk wind into a
collimatedjet is investigatedindertheinfluenceof magnetidiffusivity assuminghatthe
turbulentpatternin thediskwill alsoenterthediskcoronaandthejet. TheZEUS-3Dcode
hasbeenextendedfor magneticdiffusivity andusedin the axisymmetryoptionto solve
thetime-dependernesistve MHD equationgor amodelsetupof acentralstarsurrounded
by anaccretiondisk. Thedisk s takenasatime-independenboundaryconditionfor the
massflow rateandthe magneticflux distribution. In the paper analyticalestimatedor
themagnitudeof magnetidiffusionin aprotostellajet aredervedconnectingur results
to earlierwork in thelimit of ideal MHD. It is foundthatdiffusive jets propagateslower
into theambienimedium,mostprobablydueto thelower masglow ratein axialdirection.
Closeto the stara quasistationarystateevolvesafterseveralhundredgweakdiffusion)or
thousandgstrongdiffusion)of disk rotations.Magneticdiffusivity affectsthe protostellar
jet structureasfollows. (i) The jet poloidal magneticfield becomege-collimated. (ii)
The jet velocity increasesvith increasingdiffusivity, while the degreeof collimation for
the hydrodynamidlow remainsmoreor lessthe same.(iii) Theresultssuggesthe mass
flux asa propertracerfor the degreeof jet collimation andfind indicationfor a critical
valuefor the magnetiadiffusivity above whichthejet collimationis only weak.
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6.3 A link to observations — parameter studies and spectra

In this sectionl collecttwo jet paperswvhich do notdealdirectly with thetheoryof MHD
jet formation,but simply describepossibleconsequence®r the obsenationaldetection
of jetsaswell asfor theinterpretatiorof the obsenations.

In Fendt& Zinnecler (1998) a first example of this kind of researchinvestigated
protostellajetswith anobsenedslight misalignmenbetweerthejet andcounterjet axis.
Basically a theoreticalmodelexplaining the formation of the suchjets would requirea
fully three-dimensionaMHD approach. Sincethis is hardly feasible,a first stepis a
parametestudyof enegiesandforcesinvolved.

Obsenationsof several bipolar jet flows from young stellar objectsreveal a slight
differencein the apparentdirection of propagationfor jet and counterjet. The paper
investigatepossiblemechanismgeadingto suchajet deflection.Severalreasonswhich
may be responsibléor sucha jet structure,are discussed.Theseare the motion of the
jet sourcewithin a binary system gravitational pull dueto anasymmetricexternalmass
distribution, dynamicalpressureof the external medium, inertial effects dueto proper
motion of thejet source aninclinedinterstellarmagnetidield, andthe couplingbetween
amagnetiget andanexternalmagnetidield. Whatis found,is thatfor typical protostellar
jet parameterthemostlik ely mechanismiadingto abentjet structureareLorentzforces
onthemagnetiget and/ormotionof thejet sourcen abinary systemDynamicalpressue
of a denseexternalmediumor a stellarwind from a companionstarcannotbe excluded
assourceof jet bending.

The next paperconsidersthe X-ray emissionemitted from highly relatvistic jets
from microquasars.Having calculatedthe magneticfield structure(Fendt1997a)and
the plasmadynamicsalong the collimating relativistic magneticjets (Fendt& Greiner
2001),the logical next stepis to usetheseresultsto derive somespectralpropertiesof
thesget flows. Applying thejet dynamicparametergvelocity, density temperaturegal-
culatedfrom the magnetohydrodynami@gMHD) equationsjn Memolaetal. (2002)the
thermalX-ray luminosityalongtheinnerjet flow in theenegy range0.2 — 10.1 keV has
beenobtained. Note that the emittedradiationis consideredasa tracer of the jet flow
only. However, it canbe shavn afterwardsthatthe emittedflux is weakcomparedo the
kinetic enegy flux of the jet andthat, therefore,the polytropic MHD modelappliedis
consistenwith the calculateduminosity. The papermainly concentratesn the caseof
Galacticmicroquasaremitting highly relatwistic jets. For a5 Mg, centralobjectandajet
masdlow rateof M; = 10~® Myyr~! weobtainajet X-ray luminosity Lx ~ 103 ergs™'.
Emissionlines of Fe XXV andFe XXVI areclearlyvisible. Relatvistic effectssuchas
Dopplershift andboostingwereconsideredor differentinclinationsof the jet axis. Due
to thechosergeometryof theMHD jet theinnerX-ray emittingpartis notyetcollimated.
Therefore dependingon the viewing angle,the Dopplerboostingdoesnot play a major
rolein thetotal spectra.
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Chapter 7

Future prospects — self-consistent
disk-jet MHD simulations

Sofar, thebasicmechanisnbehindthe magnetohydrodynamiet formationseemdo be
fairly understood However, therearestill someopenpoints. The generalproblemof jet

launchingfrom anaccretiordisk hasnotyetbeensolvedin afully self-consisternivay. In

thefollowing | will summarizesomeof theseopenquestions.This list alsorepresenta
what-to-dolist for the next yearsof jet theory Only whenthesepointswill be clarified,
onemay continueto actuallymodelcertainjet sourcescalculatingthe emittedradiation
from jetsof differentsourcesThis would allow to learnmoreaboutthe detailedstructure
of the jet source,aboutintrinsic differencedbetweenndividual jet sourcesand possibly
abouttheir differenthistory.

7.1 The MHD model of jet formation — open questions

Magnetohydrodynamic self-collimation

At afirstlook, thereseemgo beclearindicationfrom analyticalstudiesof theasymptotic
jet aswell asfrom MHD simulationsof the jet formationregion that magnetohydrody-
namicself-collimationshouldwork (Heyvaerts& Norman1989,Li etal. 1991,0uyed&
Pudritz1997,Krasnopolsk etal. 1999).

However, a final theoreticalconfirmationof sucha processs missingwhich, in par
ticular, also considerghe scalesof astrophysicalets s still missing. The MHD simu-
lationswhich actually supportthe ideaof self-collimationclearly suffer from numerical
constraints. The spatialnumericalresolutionavailable on currentcomputerss too low
resolvingthe jet formationregion only of the orderof just a few percentof the real jet
dimensions.The collimationseenin the simulationsthereforeis on scaleswvhich arenot
comparablavith the obsenedfeatures.The jet radiusderivedfrom the simulationss far
too smallwith therealjetsbeing100timeswider.

Concerninghestationarymodels someprincipalargumentsmainly concernecbout
the currentclosurein jets, have beenraisedwhich doubtthe self-collimationpropertyof
MHD flows.
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A self-consistent astrophysical model scenario

Sofar, all time-dependensimulationsaswell as stationarysolutionsof the theoretical
equationhave beenobtainedundersimplifying assumptionsoncerninghe geometryof

thejet source However, it seemdgo be clearthatanastrophysicajet sourceis acomplec

systemconsistingof several components- a staror a black hole, the disk andthe jet.

Besidetheir differentshapgwhich actuallyconstraintshe numericalgrid), thesecompo-
nentsdiffer substantiallyin their physicalproperties As aconsequence numericalcode
would have to dealwith stronggradientsn the dynamicalparameterandquite different
local time steppingtime. Thesedifficultiesyet hindera combinedtreatmenif all these
model constituents.Most important,the time-dependengjectionmechanisms not yet

understood.

A consistent accretion disk model

While the physicsof the star (or the black hole) andthe jet is fairly understooda fully
consistenmodelof theaccretiondiskis yetmissing.Thedifficulty hereis thatfor thedisk
thecompletesetof physicalequationsnustbesolvedandthree-dimensionadffectsmight
beimportant. In particular the disk structureis governedby the magnetohydrodynamic
equationgncluding radiation transfer Needlesgo saythat closeto a black hole also
relatwistic effectswill playanessentiatole. Fortheweaklyionizedpartsof aprotostellar
disk ambipolardiffusion might be considerecaswell asthe influenceof dustparticles.
Again, stronggradientsare presentin vertical and horizontaldirection. Thereforethe
timesscalesvary not only alongthe disk radiusbut alsoin vertical directionlimiting the
numericalMHD simulation.

The intrinsic setup — the origin of magnetic field and jet

Two fundamentatjuestiongemainopenpartly asa consequencef the abose mentioned
difficulties.

The first one is whethersomeprotostellarjets originatesas a stellarjet, i.e. asa
stellarwind from the stellarsurfaceor whetherjetsaregenerallylaunchecasadisk wind.
Obsenationsdo not give a definitive answer(yet) andtheoreticalmodelsaretoo simple
(yet). Theobsenedscaleof thejet radius100- 1000timeslargerthanthe centralsource
indicateson jets being launchedas disk winds. Also the time scaleindicatedfor the
emissionof jet knotsis in favor of beingtriggeredby someprocessin the disk. For
relatiistic jets, the yet unknavn mattercontent(baryonicor leptonic) may decidethe
questioraboutthejet origin (Blandford& Payneor Blandford& Znajek).

The secondis the questionof the origin of the magneticfields. So far, the models
of jet formationassumehatthe magneticfield “is there”,hassometopologicalstructure
(dipolar, quadrupole..). However, the jet magneticfield canbe generatedy a dynamo
processn the disk or the star(or both) or it canbe adwectedwith the accretionprocess
from the surroundinginterstellarmedium. The resultingfield structuremight be quite
different— a stellardipole, possiblyinclined, a disk magnetosphereith open(dipole)
or closed(quadrupole)ield lines or maybesometwisted, hourglassshapediux tubes
anchoredn the disk andthe ambientmedium. The time-scaleof the dynamoprocesof
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theadwectionwill alsoinfluencethe jet formation. In turn, the presencef the jet itself
may have someimpacton the magnetidield generatingporocesses.

7.2 The future goal —model fits to obser ved jet sour ces

Due to the above mentionedincompletenessf the presentMHD models— physicstoo
simple, time scalestoo short, spatialscaletoo small — thesecannotyet be appliedto
actuallyfit the obseneddata. Thesedata,on the otherhand,do not yet provide a look
into theinnermostregionsof jet formation.

However, suchcomparatie studiesof jet formationareessentiafor theunderstanding
of individual sources.Computersandinstrumentionmight be readyfor suchataskin a
coupleof years.

From the theoreticalpoint of view this would requirefirst to answeror clarify all
the openpointssummarizedibove. Time-dependergimulationstakinginto accounthe
comple structureof thejet sourceconsistingof threeinteractingcomponents- the cen-
tral object,its surroundingaccretiondisk, andthejet — all coupledby the magnetidfield,
but alsothehugesizeof jetin respecto its origin will finally clarify therole of magneto-
hydrodynamicself-collimationandthe questionof thejet origin.

Numericalsimulationsof theaccretiordisk evolutionwill tell uswhyjetsarelaunched
andhow the magnetidield is establishedlt seemdo be essentiafor suchkind of simu-
lationsalsoto includea disk wind or amagnetizedlisk coronain thetreatmentjn order
to allow for jetsto beformedfrom thedisk.

Having succeededofar, the next stepmight be to calculatethe radiative signatures
emittedfrom the jet andits source.A first stepin this directionhasalreadybeenmade
(Goodsoretal. 1997)who presente@gmissionmapsof forbiddenemissionlinesin pro-
tostellarjets. Radioemissiormapsfor relatvistic extragalactigetshave beenmodeledn
the hydrodynamiaase(e.g. Aloy etal. 2000). Also the X-ray emissionlines calculated
from arelatiistic MHD jet modelof a microquasafMemolaetal. 2002)is alongthese
lines.

By comparingndividual sourcesf jetswe will finally learnwhetherthe presenpic-
ture of jet formationis corrector whethersomekey processhasbeenoverlooked. We
thenalsoexpectan answerto the questionsvhy somediskshave jetsand somedo not,
andhow the presencef ajet affectsthe evolution of thejet source.
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Abstract. There is common belief that superluminal jet mo-
tion from active galactic nuclei and from galactic high energy
sources originates in the magnetized environment of a rotating
black hole surrounded by an accretion disk.

The structure of these jet magnetospheres follows from so-
lutions of the so called stream equation for the force-balance
between axisymmetric magnetic surfaces. In this paper, two-
dimensional force-free solutions of the stream equation are nu-
merically obtained in a general relativistic context (3+1 formal-
ism on Kerr geometry).

We apply the numerical method of finite elements. In this
approach, the regularity conditions along the light surfaces
are automatically satisfied. After an iterative adjustment of the
poloidal current distribution and the shape of the jet boundary,
we find magnetic field configurations without kinks at the outer
light surface.

The solutions extend from the inner light surface of the Kerr
black hole to the asymptotic regime of a cylindrically collimated
jet with a finite radius. Different magnetic flux distributions
along the disk surface were investigated. There is strong evi-
dence for a hollow jet structure.

Key words: MHD — ISM: jets and outflows — galaxies: jets —
black hole physics

1. Jet formation around black holes

Jet motion originating in the close environment of a rotating
black hole is observationally indicated for two classes of sources
concerning mass and energy output.

The first class are the active galactic nuclei (hereafter AGN).
Following the standard model, AGN jet formation develops
in the magnetized environment around rotating, super massive
black holes with a mass of the order of 108 — 10'° Mg (Sanders

Present address: Landessternwarte, Konigstuhl, D-69117 Heidel-
berg, Germany (cfendt@lsw.uni-heidelberg.de)

et al. 1989, Blandford & Payne 1982, cf. Blandford et al. 1990,
Kollgaard 1994). From evolutionary arguments (accretion of
angular momentum) these black holes are believed to be very
rapid rotators.

In some quasars and BL Lacertae objects, the jet knots are
observed to follow helical trajectories on parsec-scale with a de-
projected highly relativistic speed. The high jet velocity together
with a small angle between the line of sight and the propagation
vector involves a time shift from knot time to observer time, and
thus the projected jet motion appears as superluminal motion.
Examples are 3C 273 (Schilizzi 1992, Abrahan et al. 1994) and
3C 345 (Zensus et al. 1995).

Radio observations have also detected superluminal motion
in the Galaxy. Examples are the high energy source 1915+105
(Mirabel & Rodriguez 1994) and the X-ray source GRO J1655-
40 (Tingay et al. 1995). The de-projected jet speed of both
sources is surprisingly similar (0.92 ¢). This velocity may cor-
respond to the escape velocity from a point near the black hole
(Mirabel & Rodriguez 1995). However, there are not many de-
tails known about the intrinsic sources.

Inboth cases, the jets are detected in non-thermal radio emis-
sion, clearly indicating a magnetic character of the jet formation
and propagation.

From the introductionary remarks above, it is clear that a
quantitative analysis of the jet structure in these sources must
take into account both magnetohydrodynamic (hereafter MHD)
effects and general relativity.

In this paper we will numerically investigate the structure
of a jet magnetosphere in Kerr geometry. The calculated field
distributions represent global solutions to the local cross-field
force-balance equation.

The first theoretical formulation of the electromagnetic
force-equilibrium in Kerr space-time around fast rotating black
holes was given by Blandford & Znajek (1977) and Znajek
(1977). They presented the first solutions of the problem and
discovered the possibility of extracting rotational energy and an-
gular momentum from the black hole electromagnetically (the
so called Blandford-Znajek process). Okamoto (1992) investi-
gated the black hole magnetic field structure and the black hole
evolution under influence of the Blandford-Znajek process. Ex-
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amining the fast magnetosonic points of the wind and the ac-
cretion, he found analytical expressions for the poloidal current
and the field rotation law.

With the development of the 3+1 split of Kerr space-
time (Thorne & Macdonald 1982, Macdonald & Thorne 1982,
Thorne et al. 1986) the understanding of the electrodynamics
of rotating black holes became more transparent. For a chosen
global time, the tensor description splits up in the usual fields
B, E, current density j, and charge density p. The formula-
tion of the MHD equations becomes very similar to that of flat
Minkowski space, which are used in pulsar electrodynamics.

Using this powerful tool, Macdonald (1984) calculated first
the numerical solutions for the magnetic field force-balance
around rotating black holes. Three models (magnetic field dis-
tribution roughly radial, uniform, or paraboidal) of differentially
rotating magnetospheres were investigated, however, the inte-
gration region was limited to 5 10 horizon radii.

Camenzind (1986, 1987) formulated a fully relativistic de-
scription of hydromagnetic flows, basically applicable to any
field topology. The so-called wind equation considers the sta-
tionary force-balance of the plasma motion along the magnetic
field. The (flat space) transfield equation was solved by using
the method of finite elements.

Haehnelt (1990) extended this procedure for Kerr space-
time in the 3+1 description. The solutions explicitly show the
interrelation between the poloidal current strength and the col-
limation of the flux surfaces. They were calculated on separate
integration domains inside and outside the light cylinder (see
Camenzind 1990). However, there was a mismatch between the
inner and outer solution at the light cylinder, which is a singu-
lar surface of the relativistic transfield equation. This matching
problem is well known from in the literature of pulsar magne-
tospheres (Michel 1991).

So far, no global magnetic field solutions could yet be found
originating in the accretion disk close to the rotating black hole
and, passing through the outer light surface, eventually reaching
the asymptotic regime of a collimated jet.

The matching problem of relativistic force-free magneto-
spheres was investigated in the context of stellar jets (Fendt
1994, Fendt et al. 1995). It then became clear that a mismatch at
the light cylinder could be removed by a proper adjustment of
the current distribution and the outer boundary condition, which
could be interpreted as an adjustment of the ”magnetic pressure
equilibrium” between the regions inside and outside the light
cylinder.

In this paper, we like to extend the results from Fendt et
al. (1995) to the general relativistic context. The solutions pre-
sented here are global solutions for the stationary black hole
force-free electrodynamics in the sense that they smoothly pass
the singular surface of the outer light surface. The field lines
originate near the inner light surface close to a rotating black
hole and collimate to an asymptotic jet of finite radius of several
(asymptotic) light cylinder radii.

The structure of this paper is as follows. In Sect. 2, basic
equations of the theory of relativistic magnetospheres in the
context of Kerr metric are reviewed. In Sect. 3, the model un-
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derlying the numerical calculations is discussed. We present our
numerical results in Sect. 4 and discuss solutions with different
topologies and jet parameters.

2. MHD description of black hole magnetospheres

The basic equations describing a magnetohydrodynamic
(MHD) configuration under the assumptions of axisymmetric,
stationary and ideal MHD in the context of Kerr metric were
first derived by Blandford & Znajek (1977) and Znajek (1977).
In this paper, we apply the MHD formulation in the 3+1 formal-
ism introduced by Thorne & Macdonald (1982), Macdonald &
Thorne (1982), or Thorne et al. (1986) (hereafter TPM). In the
notation, we follow TPM and Okamoto (1992).

2.1. Space-time around rotating black holes

In the 3+1 split the space-time around rotating black holes with
a mass M and angular momentum per unit mass, a = J/Mc
is described using Boyer-Lindquist coordinates with the line
element

ds* = &2c*dt? — &% (dg — wdt)* — (p*/A)dr* — p* d6*. (1)

t denotes a global time in which the system is stationary, ¢ is the
angle around the axis of symmetry, and 7, 6 are similar to their
flat space counterpart spherical coordinates. The parameters of
the metric tensor are defined as usual,

r? +a” cos’ @ A=r*—-2GMr/c*+ad?

P =
¥? = (r? +a?)? — a*Asin’ 0 @ =(2/p)sind
w=2aGMr/cX? a=pVA/Y

w is the angular velocity of the differentially rotating space, or
the angular velocity of an observer moving with zero angular
momentum (ZAMO), w = (d¢/dt)zamo, respectively. « is the
red shift function, or lapse function, describing the lapse of
the proper time 7 in the ZAMO system to the global time ¢,
o= (dT/dt)ZAMo.

The electromagnetic field B, E, the current density j, and
the electric charge density p. are measured by the ZAMOs ac-
cording to the local flat Minkowski space. These local exper-
iments then have to be put together by a global observer for
a certain global time using the lapse and shift function for the
transformation from the local to the global frame. In spite of this
transformation, Maxwell’s equations in the 3+1 split look very
similar to those in Minkowski space. There is just an additional
source term from the differential rotation of space (see below).

2.2. The cross—field force—balance

The magnetospheric structure follows from the force-balance
across the flux surfaces. The projection of the equation of motion
perpendicular to the field lines provides the stream equation.
Here, in the force-free case, only Lorentz forces (perpendicular
to the flux surfaces) are considered.
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Under the assumption of axisymmetry a magnetic flux func-
tion (or stream function) can be defined measuring the magnetic
flux through a loop of the Killing vector m = &>V,

1 1
W(r,0) = By - dA, By= _,V¥ Am. 2)
27 w
Equivalently, the poloidal current is defined by integration of
the poloidal current density through the same loop
. c .
I:—/ajp-dAz—zawBT. 3)
The indices P and T denote the poloidal and toroidal components
of a vector. The force-free assumption,
I,
peE+ jAB=0, 4)
c
implies that the poloidal current flows parallel to the poloidal
magnetic field Bp || jp. Thus, I = I(P).

With the assumption of a degenerated magnetosphere, i.e.
|B* — E*|>> |E-B|~0 (5)
an angular velocity of field lines can be derived from the deriva-
tive of the time component of the vector potential
Qr = Qp(V) = —c(dAp/dD) (6)

With the additional assumption of stationarity, Ampere’s
law can be expressed as

4 1
VAaB= "aj— (E-Vwym, %)
c c
(TPM). The differential rotation of space provides an additional
source term with the dimension of a current density. The toroidal
current density follows from a projection of Eq. (4), the equation
of motion in the force-free limit, perpendicular to W,

47T0<jT= B a(QF~— w)V\II-V <&J2(Qz—u})>
cw a?c
N
@ ~ o)
- (%) wv-(wzv@
s Lt ®)
ol c

The toroidal component of Ampere’s law (7) eventually leads
to the stream equation, a non linear partial differential equation
of second order for the flux function W,

w—QF II,

1 4
, )

oV - <a ﬂvw) = O [VE)? -
w aw C

ac?

Here,

(10)
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and @r, denotes the positions of the two light surfaces,

2
2 ac
=+ .
L ( QF—w)

The ’ indicates the derivative d/dV¥. The + sign holds for the
outer light surface with Qp > w, while the — sign stands for
the inner light surface, where 2 < w. Throughout this pa-
per we will assume a constant angular velocity of the field
lines, Qg(¥) =const. This assumption will be discussed below
(Sect. 3.5).

The stream equation was first derived by Blandford & Zna-
jek (1977) and further evaluated in the 3+1 formalism by TPM.
A general version of the stream equation including inertial terms
and entropy was obtained by Beskin & Pariev (1993).

In the special relativistic limit, « — 1, w — 0, and the
stream eq. (9) becomes identical to the pulsar equation (Scharle-
mann & Wagoner 1973).

an

2.3. Normalization

For large r, w — 0 and the metric reduces to Minkowski. We
define an asymptotic light cylinder, Ry, = ¢/QF (here and in the
following (R, Z) denote the cylindrical coordinates). Using the
normalization

r < Rpr,

o < Ry @,

V & (1/RUV,

U < UV, and

I & Inx!,

the stream equation can be written dimensionless

AV (a 2VW> =—q 1~ 1.
@ ol

12)

The coupling constant g; measures the strength of the (poloidal
current) source term,

I= g0
ccv

max

RL 2
101%¢cm

qlI\’laX

Imax 2
) 1033Gcem?

-2
—4(1018A ) - (13)
(A similar normalization for the Qr term in Eq. (9) would reveal
a coupling constant g = 1.)

Two typical length scales enter the problem. (1) The scale
of the horizon radius ry determines the influence of gravitation
on the metric. (2) The asymptotic light cylinder Ry, describes
the influence of rotational effects on the electrodynamics. The
interrelation between these two scaling parameters follows from
the definition of the rotation law for the field, Qr(¥), in terms

of the rotation of the black hole, Q.

2.4. The regularity condition

At the light surfaces, the stream equation becomes singular and
reduces to a non-linear, partial differential equation of first order,

1
VD -VVU = —g 2II’. (14)
Q
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Fig. 1. Applied model topology for the jet formation around rotating
black holes. The sketch shows the asymptotic region in the upper part
and the inner region around the black hole (BH) in the lower part. The
two regions are drawn in different scales.

This regularity condition for ¥ is equivalent to an inhomoge-
neous Neumann-type boundary condition on the poloidal mag-
netic field component parallel to the surface D = 0 (the light
surface),

v 11
on = VDl a2

VD

1r —
I ‘VD|7

n=

15)

where n denotes the unit vector normal to the light surface.

Note that the regularity condition depends on the strength
of the poloidal current as well as the current distribution. This
has far reaching consequences for the global field topology. For
the special relativistic case, we have shown that the shape of the
jetboundary is determined by the regularity requirement (Fendt
1994, Fendt et al. 1995). As it will discussed below, the same
applies in the general relativistic case.

3. The model assumptions

We now describe the model assumptions underlying the nu-
merical calculations. The model topology basically follows the
standard model for AGN (cf. Blandford 1990).

There is not very much known about the central sources
of galactic superluminal jets. Since observationally the jet phe-
nomenon of AGN and of young stellar objects as well is always
connected to the signatures of an accretion disk, we assume a
similar disk-jet scenario for the jet formation in galactic super-
luminal jet sources.

In the following, we discuss the three main components of
the applied model - a central black hole, a surrounding accretion
disk, and the asymptotic jet. A schematic overview of the model
is shown in Fig. 1.
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3.1. The central black hole

In the standard model for AGN the driving engine responsible
for the activity is a rotating super massive black hole with a
mass of about 108 — IOIOM@ (Sanders et al 1989).

In the case of galactic superluminal sources, there is evi-
dence that the central object is a black hole as well (Mirabel &
Rodriguez 1995).

For the calculation of the field structure from the force-free
stream equation, gravitational effects of the collapsed object
play a non-obvious role. They appear in the stream equation in
the description of the gravitogeometric background and in the
two light surfaces.

The differential rotation of the space around Kerr black holes
leads to the formation of two light surfaces (hereafter LS). Here,
the rotational velocity of the field lines relative to the ZAMO
equals the speed of light (see Blandford & Znajek 1977). This
could be understood from the following. The concept of field
lines implies the rigid rotation of each field line. Far from the
hole, where w is small, the outer LS describes the point where
the field line velocity equals the speed of light seen from a static
observer in the non-rotating space. Close to the hole, the space
and the co-moving ZAMO is forced to (differentially) rotate.
Since the field line is rigidly rotating, at a certain position (the
inner LS) it will reach the speed of light in opposite direction
seen from a ZAMO. Here, w > (g, and the ’field velocity’
equals —c.

In terms of the global jet solution, the inner LS is very close
to the horizon. With the numerical method applied, there is no
fundamental hindrance for a solution between the inner LS and
the horizon. However, since our main interest is the jet solution,
we take the inner LS as inner boundary for the integration region.
The black hole horizon itself remains hidden behind the inner
LS.

The Schwarzschild radius Rs = 2M defines the typical
length scale for general relativistic effects,

R = J1510° (M/5M) em
57 13.010" (M/10'°Mg) cm.

For rotating black holes the event horizon is changed to
ra = M + (M? — a?)'/2. The angular velocity of the hole in
terms of the Kerr parameter a and mass M is

1

a
Qy = lim w = .
= Y T oMy

T—TH

(16)

Here, we choose a = 0.8.

Mirabel & Rodriguez (1995) mentioned that the de-
projected jet speed of 0.9 ¢ for the galactic superluminal jets
could be related to the escape velocity from a region close to a
black hole. Further, in contrast to other mildly relativistic jets
(~ 0.3 ¢) this is indicating both a black hole as central source
and, also, that the jet origin is very close to the hole at a distance
of several horizon radii (Mirabel & Rodriguez 1995).
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3.2. The accretion disk

An accretion disk surrounding the central black hole seems to
be the essential component concerning magnetic jet formation.
It is considered to be responsible for the following necessary
ingredients for jet formation, propagation, and collimation.

— Generation of magnetic field. In contrast to pulsar or proto-

stellar jets the magnetic field of jets from black holes, the
magnetic field cannot be supplied by the central object but
has to be supplied by the surrounding accretion disk.
Khanna & Camenzind (1994, 1996a) were first to formu-
late the axisymmetric dynamo equations in Kerr space time.
They indicated the possibility of an w{2 dynamo, since dif-
ferential rotation of space w provides a new source term for
the dynamo action. This general relativistic dynamo effect
might work very close to the black hole, at distances of about
several horizon radii (Khanna & Camenzind 1996a,1996b;
Brandenburg 1996).
In our model we assume that the jet is formed by a finite
flux distribution of the disk. The maximum flux originates
from the disk at radii less than the LS radius, and ¥, ~
103 G cm”.

— Mass injection into the jet. The accretion disk supplies the

mass for injection into the jet, since there is no mass outflow
possible from the black hole itself.
Certain disk parameters like accretion rate, magnetization
and others determine the mass accretion process together
with the mass ejection rate (Ferreira & Pelletier 1995). In this
paper, we assume that the mass flow is not charge separated
and that the plasma is highly conductive in order to justify
the assumption of degeneracy (5). Further, the mass flow
has to be weak enough (or highly magnetized) in order to
assume a force-free source term of the stream equation.

— The current system. Differential rotation of the disk is re-
sponsible for the poloidal current system in the jet magneto-
sphere. These currents extract angular momentum from the
disk and eventually allow for mass accretion into the central
object.

The poloidal current correspond to toroidal magnetic fields
and its hoop stress may be responsible for a collimation of
the jet.

The accretion disk physics would further determine the rotation
law of the jet magnetic field, Qp(¥) (see Sect. 3.5).

The disk evolution is definitely influenced by the evolution
of the jet and vice versa (cf. Ferreira & Pelletier 1995). However,
since this global problem is literally unresolved, in this paper
we take into account the accretion disk only as source for the
magnetic flux, i.e. as a boundary condition for the flux function
v,

3.3. The asymptotic jet

We assume that the asymptotic jet is collimated to a cylindrical
shape. This is in agreement with VLBI observations of the knot
motion in e.g. 3C 345 (Zensus et al. 1995), and also with kine-
matic models explaining the short period optical variations by
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a geometrical lighthouse effect (Camenzind & Krockenberger
1992).

In the case of the parsec-scale jet in the quasar 3C 345,
the best model fits give a very small intrinsic opening angle
of ~ 0.5° (Zensus et al. 1995). The innermost region of the
jet is not resolved observationally. In the radio VLBI mea-
surements mentioned above, the angular beam resolution is
~ 0.3mas corresponding to ~ 1pc. This is comparable to
1000 Rs (M /10" M).

The lighthouse model of Camenzind & Krockenberger
(1992) reveals a jet radius of 10 Ry for both 3C273 and
BL Lacertae objects under the assumption that the field rotates
with the angular speed of the marginally stable orbit. Further,
the black hole parameters were assumed to be a = 0.9 (a = 0.8)
and M =1710° Mo (M =5 107 M) for 3C 273 (BL Lacertae
objects). The degree of jet collimation is very high and initial
opening angles of 0.1° (0.05°) are found.

In the asymptotic regime, the metric simplifies to that
of flat Minkowski space. Here, the special relativistic, one-
dimensional jet equilibrium of Appl & Camenzind (1993) can
be applied. They were first to find a non-linear analytical solu-
tion for a cylindrically collimated, asymptotic flux distribution,

U(r) = ;)m (1 + (2)2> ,

where © = R/ Ry is defined as the cylindrical radius normalized
by the asymptotic light cylinder radius. The flux distribution (17)
corresponds to a core-envelope structure with core radius d. The
poloidal current is concentrated within the jet core (see below).
With Eq. (17) the asymptotic jetradius is defined by ¥(xje) = 1.

Using the method of finite elements for a numerical solution
implies that we solve the boundary value problem. It is hence
suitable to prescribe the asymptotic jet boundary x;je, and adjust
later for the current profile parameter b (see Fendt et al. 1995
for details). This adjustment is the essential procedure in order
to satisfy the regularity condition at the light surface.

In conclusion, the poloidal current distribution and the
strength of the current are determined by the asymptotic jet.
We choose the asymptotic jet radius in terms of asymptotic LC
radii Rjeq ~ 3Ry and Ry = 10 M.

a7

3.4. The current distribution

The poloidal current distribution may be considered as a free
function for the force-free stream function (although it is con-
strained by the regularity condition). In particular, since I =
I(W) in the 3+1 description too, it is possible to apply the same
current distribution for the region near the black hole as for the
asymptotic, special relativistic region.

Here, we choose the analytical, non-linear solution for spe-
cial relativistic (asymptotically cylindrical) pinches given by
Appl & Camenzind (1993),

1 —bW
‘L (18)

="
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The parameter b describes the shape of the current profile. To-
gether with the flux distribution (17) this current distribution si-
multaneously satisfies the asymptotic transfield equation (Appl
& Camenzind 1993). The current flow is concentrated within
the core radius d (see Eq. (17)). The strength of the current, gy,
and the shape of the profile (b < 1 diffuse pinch, b > 1 sharp
pinch ) control the magnetic structure and the kinematics of the
jet. In particular, they determine the asymptotic jet radius and
velocities.

As discussed above, in our approach we choose the jet radius
as parameter and adjust the parameters g; and b in such a way that
we obtain smooth solutions across the LS with an asymptotic
jet radius of a few LC radii.

Eq. (18) represents a monotonous current distribution with
no return current within the jet. A closure of the poloidal current
flow would be achieved via the jet hot spots terminating the
jet and the interstellar/intergalactic medium. In this picture the
current is generated in the disk, flows along the jet to the hot
spots, and returns back to the accretion disk in the surrounding
medium outside of the jet. A return current within the jet might
be a more realistic concept. However, serious difficulties for
a two dimensional solution are involved with such a current
distribution. These are e.g. a proper satisfaction of the regularity
condition, as well as the need for a proper boundary condition
for the asymptotic jet. We will address this topic to our future
work. The solutions presented in this paper may be interpreted
as the inner part of such a return current jet.

3.5. The rotation law

As was the case with the current distribution, the rotation law
for the flux surfaces is a free function of the force-free stream
equation.

In general, this rotation law follows from a detailed exam-
ination of the accretion process and the dynamo action in the
disk. This is far beyond the scope of this paper and the complex
physics of magnetized accretion disks is not yet fully under-
stood. Although there are several models available for the dif-
ferent physical processes involved, such as (magnetic) viscosity,
convection, advection, diffusion, kinematics, dynamo action, or
relativistic effects, for a combined treatment of all the effects
the problem is far from being resolved (not to mention that the
jet itself provides an important boundary condition for the disk
dynamo).

Having such a solution available, the calculated rotation law,
Q(r), and flux generation, ¥(r), would determine the rotation
of the magnetic field Qp(¥) = Q(r(¥)).

As an example we discuss an approximate steady state so-
lution for the flux distribution of a thin accretion disk around a
black hole, U(r) ~ exp(—k? f:”“‘ D(7)d7), where D(r) is the
diffusion parameter of the diffusion equation (Khanna & Ca-
menzind 1992). For radii larger than the marginally stable orbit,
D(r) ~ r~2, and the integration gives W(r) ~ exp(—A \/m/r).
Here, 7, is the outer disk radius and the constant A is of the
order of unity. Assuming a Kepler law for the disk rotation and
additionally that the foot points of the flux surfaces rotate with
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Kepler speed, a possible rotation law for the field lines can be
derived. Inverting the above disk flux distribution then leads to
the rotation law Qr(¥) ~ |In(¥)[>.

As a consequence of differential rotation, the shape and
position of the light surface would become a priori unknown
quantities. Since these are singular surfaces and have to be con-
sidered numerically like boundaries, this would involve serious
numerical complications. For this reason, for the time being, we
consider Qp(¥) = const. For the rotational velocity of the field,
a fraction of the black hole rotation is assumed,

QF(\IJ)ZQFZEQH, e<1 (19)

Fora = 0.8, € = 0.4, the position of the asymptotic light cylinder
isat Ry, = 10 M.

There is strong indication that the superluminal jets originate
very close to a central black hole at distances of a few horizon
radii. For galactic sources, the argument is that the jet speed
is close to the escape velocity near the horizon (see Mirabel &
Rodriguez 1995). Standard models for BL Lacertae objects also
put the jet formation close to the central source (see Kollgaard
(1994) and references therein).

Thus, for these highly relativistic jet sources, the assumption
of a constant rotation of the flux surfaces may well be applied.
A problem might exist for only mildly relativistic jet motion.

4. Results and discussion

‘We now present numerical solutions for the jet magnetosphere.
The field distribution is calculated under the assumption of a
small plasma loading, or in other words, in the force-free limit.
Although the calculations are not entirely self-consistent, these
are the first calculations of a collimated global jet magneto-
sphere in the context of Kerr metric.

Similar to the special relativistic, or even the Newtonian
case, in a general relativistic treatment, the singularity of the
stream equation at the Alfvén radius (or light surface) leads to
a ’kinky” structure of the magnetic field at this position, unless
the regularity condition is properly satisfied.

In our previous work (Fendt 1994, Fendt et al. 1995) we in-
vestigated this problem for fast rotating, stellar magnetospheres.
We found that a field matching could be achieved by adjusting
both the shape of the jet boundary (7j, 6;et) and the poloidal cur-
rent distribution (via the parameter b). This procedure may be
interpreted as an adjustment of "magnetic pressure equilibrium”
between the regions inside and outside the light cylinder.

In order to obtain smooth solutions at the outer light surface
for the Kerr metric jet solutions presented here, we applied the
same technique derived earlier (Fendt 1994, Fendt et al. 1995).
Again, we emphasize that in the presented solutions the regu-
larity condition at the outer LS determines the shape and the
location of the jet boundary in the collimation region.



C. Fendt: Collimated jet magnetospheres around rotating black holes

R/R,

50

40

30

7/M

20

10

R/M

1031

R/R,

50

40

30

7/M

20

10 p

R/M

Fig. 2a and b. Magnetic flux surfaces ¥ of global Kerr jet solutions (a = 0.8, (2r/Qu) = 0.4). The asymptotic jet radius is 3 asymptotic LC

radii Ry.. Current distribution parametera b = 1.0, g; = 1.90, d =2.29; b b = 0.8, gr = 2.14, d = 2.71. Units: ¥ in Wy, contour levels 10_"2,
n=0,1.8,0.1; (R, Z) in Ry, (upper and right axis), or in M (lower and left axis)
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Fig. 3a—c. Magnetic flux surfaces of Kerr jet solutions. Subsets of the inner most regions with different choices of disk distribution. Disk flux
distribution parametersan =4, r, = 1.76, E =0.05;bn =3,r, = 1.76, E =0.03: ¢ n = 2, r, = 1.16, E = 0.05. The disk flux distribution is

Wgisk (1, m/2) = E Wiax(r — 75)™ (see Appendix A.2). Units as in Fig. 2

4.1. The global jet solution

Fig. 2 shows two examples of global jet solutions extending
from the inner LS to an asymptotic jet collimated to a cylindrical
shape. The flux surfaces pass the outer LS smoothly.

The asymptotic jet radius is 3 Ry, corresponding to 30 M for
the parameters ¢ = 0.8 and (Qr/Q) = 0.4, or

R [15107 (M/5M) cm
17 13.010' (M/10"Mg) cm.

The asymptotic jet radius is basically parameterized in terms
of the outer LS, i.e. in terms of the rotational velocity of the
field. We chose Qr = 0.4Q)y under the assumption that the jet
is launched within a distance of some ry from the black hole.

If the field was rotating slower, when the flux surfaces orig-
inate further out in the disk, the asymptotic jet radius would
be larger. With e.g. a = 0.8 and (Qr/Qy) = 0.1, we obtain an
asymptotic jet radius 4 times larger. Note that the linear scaling
in terms of R remains the same. It changes, however, in terms
of TH-
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We report that we were not able to obtain jet solutions with
Rje > 4. The numerical procedure converges in the asymp-
totic region for asymptotic 1D solutions with any jet radius.
However, it does not for a lower boundary condition, which is
even slightly different from the asymptotic solution, and thus
implying a field curvature. This negative result is not caused by
numerical problems. It does not depend on numerical parame-
ters like element size.

Instead, we take this as an indication for an upper limit for
the jet radius,
Rjel <4R_, (20)
of a cylindrically collimated, rigidly rotating, force-free mag-
netic jet.

On the other hand, differential rotation or plasma inertia
may open up the jet structure. Both effects lead to an increase
of poloidal current. The question is whether the corresponding
de-collimating toroidal field pressure will supersede the effect
by collimating tension. We suppose that the differential rotation
plays a minor role as long as all the flux originates within a
small region in the disk.

The jet solutions presented here are not ’self-collimated’.
The prescription of an asymptotic jet boundary may be inter-
preted as an external pressure from the surrounding material.
However, the shape of the collimating jet radius Rje;(Z) is deter-
mined by the regularity condition and/or the current distribution
in the jet, and hence, is determined by the internal force-balance.

How the internal force-equilibrium affects the shape of the
collimating jet can be seen in Fig. 2. In both solutions, the ad-
justment procedure (shape of jet boundary « distribution pa-
rameter b) was performed until the regularity condition is prop-
erly fulfilled. The two solutions have different poloidal current
distributions, /(¥). In comparison to the flux distribution with
the broader current distribution (b = 0.8), the solution with the
more concentrated current distribution (b = 1.0) involves an
enhanced expansion (a slight de-collimation) beyond the outer
light surface in order to obtain matching between the outer and
inner solution.

4.2. The central domain and possible mass flow distribution

Fig. 3 shows subsets of the innermost part around the black hole
from global solutions for different disk boundary conditions.
These near-disk solutions might be interpreted as a disk corona.
The overall picture could be summarized as follows.

— There is magnetic flux outgoing towards the jet.

— There is magnetic flux ingoing towards the black hole
(which is hidden behind the inner LS).

— The flux surfaces near the jet axis are not directly connected
with the accretion disk.

— Depending on the disk magnetic flux distribution, the cur-
vature of the field lines close to the disk is rather different.

If for the following we imagine a possible mass flow associ-
ated with the flux surfaces, we find three different flow regimes
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within the field distribution — an accretion region, an outflow
region, and a region empty of a plasma flow.

The ingoing flux tubes would allow for magnetic accretion
from outer parts directly into the black hole. It is however ques-
tionable, whether the field strength will be so strong that plasma
is accreted along field lines or whether, on the contrary, accre-
tion will be dominated by gravitation and will thereby determine
the field topology. This question cannot be answered with the
present, force-free approach and depends on parameters like
field strength, mass flux, or magnetization.

Under the assumption of a finite flux distribution originat-
ing very close to the black hole, the inward-outward bending
flux surfaces provide evidence for a hollow jet structure. Al-
though we have to investigate the wind equation along the flux
surfaces in order to gain detailed knowledge about the plasma
flow behaviour, we believe that the following thoughts and con-
siderations might be reasonable.

First, the slope of the flux surfaces is too small to allow for
a ’centrifugal’ acceleration of the plasma. Blandford & Payne
(1982) obtained a minimum angle enclosed by the disk and flux
surface of 60° for the onset of plasma acceleration. Although this
result was specifically calculated for a self-similar differentially
rotating field structure and a cold wind, we believe that we can
use it as an estimate for our case. It seems to be obvious that
along a flux surface perpendicular to the disk, a wind driven by
centrifugal instability is not possible.

If we therefore consider a hot plasma, the thermal pressure
in a hot disk corona has to accelerate the plasma from the disk
to heights of about 4 horizon radii above the disk. Here, the
slope of the flux surfaces becomes eventually less than the crit-
ical value, allowing for ’centrifugal’ acceleration. Such strong
thermal pressures would require a very hot corona. However,
our own experience as well as results published in the literature,
show that the slow magnetosonic point of a wind flow is always
located very close to the injection point. Thus, thermal pressure
is unlikely to be a driving force up to high altitudes above the
disk.

Secondly, from our work on the cold relativistic wind equa-
tion (Fendt & Camenzind 1996), we know that the stationary
character of the flow is very sensitive on the curvature of the
poloidal field in the case of a high plasma magnetization. In re-
gions where the slope of the field line changes, it is very likely
that no stationary solutions of the wind equation are possible,
indicating that here shocks and instabilities may arise. These
shock waves could eventually be observed in the asymptotic
AGN jet as the helically moving knots seen with the VLBI ra-
dio observations (e.g. Zensus et al 1995).

Thirdly, the flux surfaces near the axis are not connected with
the disk boundary but with the inner LS. Blandford & Znajek
(1977) argued that all particles moving along field lines passing
the inner LS must travel inwards. Along these field lines no mass
outflow from the disk is possible. We found no solutions with
flux surfaces extending from the disk boundary towards the jet
axis.

Being aware of the crudeness of the the preceding consid-
erations, we conclude that in the solutions presented here the
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plasma will only flow within a thin layer of about 0.1 Rje near
the jet boundary, basically forming a hollow jet structure. The
inner 90% of the jet cross-section will be empty of plasma flow
from the disk. This picture is in good agreement with radio ob-
servations of AGN jets revealing moving knots along helical
trajectories (Steffen et al. 1995, Zensus et al. 1995). It also fits
within recent kinematic radiation models explaining the parsec
scale motion of the jet knots by the lighthouse effect (Camen-
zind & Krockenberger 1992).

4.3. Angular momentum loss and Poynting flux from the black
hole

The magnetosphere - poloidal current system is associated with
an angular momentum flow and Poynting flux (or luminosity).
The total Poynting flux in the jet P ~ [ Qp(¥)I(¥)d¥ can be
calculated, using the known current distribution,

Tinax ¥ max 1 1
P= -
RL (1 — e—b b)

(see Appl & Camenzind 1993), revealing a similar value for
both field distributions in Fig. 2, P = 0.6 (ImaxWmax/RL)-
The angular momentum loss (d.J,, /dt) from the black hole
into the jet follows from the integration of the current distribu-
tion for all flux surfaces leaving the horizon to the asymptotic
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jet,
dJ 1
RS A . f 0w, 22)
C

and similarly for the Poynting flux (see Okamoto 1992). The
outermost flux surface ¥y, leaving the black hole (or the inner
light surface) to the asymptotic jet could be estimated from Fig. 2
and Eq. (18). The integration gives

—1) )

dJy, _ _1 LU (‘I/h + 117 (e_b‘llh
dt c

For the parameters of the solutions in Fig.2, this gives an
angular momentum loss from the black hole (dJy/dt) ~
5.6 10~ I 0x ¥ max for the solution with a concentrated current
distribution (Fig.2a), and (d.Jy, /dt) ~ 1.8 107" I, W ey for
the other one (Fig. 2b). Since the coupling g is similar for both
solutions, their (dJ}, /dt) differ by a factor of 3.

What might be surprising with this result is that for two jet
solutions with the same asymptotic jet radius, the same total
magnetic flux and current flow, and also the same disk flux dis-
tribution, the angular momentum extraction from the black hole
differs by a non-negligible value, which is determined by the in-
ternal structure of the jet magnetosphere. A similar calculation
for the Poynting flux leads to P, ~ 1.7 10*3(Imax\I!max/RL)
for the solution in Fig. 2a, and by the same factor 3 less for the
other field distribution. The total angular momentum loss and
Poynting flux in the jet differ only very few for both solutions.

We conclude this section with mentioning that the above
estimates do not necessarely allow for an interpretation in terms

(23)
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of the dynamical evolution of the black hole. In our approach
the flux surfaces emanating from the black hole/inner LS to
the asymptotic jet also connect from the accretion disk to the
black hole (with the same I(¥)). Thus, the same energy/angular
momentum flow leaving the black hole also goes into the hole.
What is important for the black hole evolution, are the total
energy and angular momentum losses from the disk and the
hole by the jet. However, the locally different structure of the
current-magnetosphere system might affect the evolution of the
accretion process and also radiative processes involved with the
accretion.

5. Conclusion

In this work, we presented numerical solutions of the 2D force
balance equation for strongly magnetized jets originating from
the inner part of an accretion disk surrounding a black hole.
The calculations were performed on the background of Kerr
geometry.

The model topology underlying the calculations basically
follows the standard model for AGN. The jet magnetosphere
originates very close to the black hole from an accretion disk.
In the solutions presented here, the field rotates rigidly with
a fraction of the rotational velocity of the hole. The solutions
are global solutions extending from the black hole’s inner light
surface to an asymptotic jet at a distance of 50 horizon radii.

The asymptotic jet is collimated to a cylindrical shape in
agreement with the high degree of collimation observed for ex-
tragalactic jets. With the chosen parameters for the rotation, the
asymptotic jet radius is 3 light cylinder radii or 30 horizon radii.
For a black hole mass of 10'® M), this corresponds to a jet
radius of 3.0 10'®cm. We found indications for an upper limit
for the asymptotic jet radius for a force-free, cylindrical jet of
about 4 light cylinder radii.

The solutions satisfy the regularity condition at the light
surfaces and cross the outer light surface smoothly, i.e. without
unphysical kinks in the field lines. The matching across this
critical surface is achieved by a proper iterative adjustment of the
current distribution and the shape of the jet boundary. It therefore
determines the shape of the jet in the collimation region.

The field distribution near the disk (the ’corona’) is directly
influenced by the disk flux boundary condition. In general, the
field solutions allow for mass in-fall towards the black hole as
well as for mass outflow towards the asymptotic jet. There is
strong evidence for a hollow jet structure, i.e. for a mass flow
only in the outermost layers of the jet. In the asymptotic regime
only the outermost 10% of the jet (in terms of radius) are likely
to contain a mass flow.

The angular momentum flow and Poynting flux from the
black hole into the jet could be estimated since the current dis-
tribution is known. For the field distributions investigated the
solution with a concentrated jet current distribution gives angu-
lar momentum and energy losses from the hole a factor 3 higher
than the other one. However, the total losses by the jet differ
only slightly.
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Appendix A: numerical details
A.l. Finite element solver

The GSS equation is solved by means of the method of fi-
nite elements. The original code was introduced by Camen-
zind (1987) for relativistic astrophysical MHD applications.
Haehnelt (1990) extended the procedure for Kerr metrics. The
further evolution (however in special relativity) by Fendt (1994)
and Fendt et al. (1995), now enables the code for an integration
throughout the singular surface of the light cylinder and the cal-
culation of smooth, global solutions. For the present investiga-
tion the latest version of the code (Fendt 1994) was re-arranged
for the application in Kerr geometry.

In the finite element approach the integration region G is
discretized in a set of isoparametric curvilinear 8-node elements
of the serendipity class (Schwarz 1984). Within each element
the flux function VU is expanded as

N g@
Vo= U Ni(Cm). (A1)
\Ilge) denote the magnetic flux at the nodal point ¢ of the element
(e) and ((, i) are rectilinear coordinates on the normalized ele-
ment.

For a solution, the stream equation is multiplied by a test
function NV (Galerkin ansatz) and integrated over the 2D plasma
domain G applying Green’s identity. We end up with the weak
form of the GSS equation,

/OQD VN~V\IJdA=/JNdA+/aDN8\II ds
w

o Nond B

G G oG

where n now denotes the unit vector perpendicular to the bound-
ary 0G, dA and ds the area and boundary elements, and J the
source term of the R.H.S. of Eq. (12). With Eq. (A1) the integral
equation corresponds to a matrix equation

A(D) T = b(D), (A3)
with the integrals on each grid element
D
Age.) = / Oé~ (Aaer arNj + 0y N; 89Nj) dr da, (A4)
J ¢, @ VA
and
2 D
0= [ N Dodrass [ Dnowas )
G VA op W
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Fig. 4. Example of a numerical grid applied for the finite element code.
The element boundaries must follow the shape of the two light surfaces

(Haehnelt 1990). Each component of Eq. (A3) corresponds to
the force equilibrium between neighbouring nodal points of
each element. Inversion of matrix equation (A3) eventually
gives the solution \11? for each nodal point. The expansion (A1)
provides the solution in any point W (r, 8).

A.2. Boundary conditions

With the model assumptions discussed above, the computations
have to satisfy the following boundary conditions.

— Rotational axis: ¥(r,0) = 0.

— Light surfaces: Here, the regularity condition, Eq. (15), has
to be satisfied. In the finite element approach this regular-
ity condition is automatically satisfied. Like the homoge-
neous Neumann condition the regularity condition is a nat-
ural boundary condition on D = 0 in the sense that the
surface integral (s. Eq. (A5)) does not contribute (see Fendt
et al. 1995).

— Disk surface: Here, U satisfies a Dirichlet condition, corre-
sponding to a finite flux distribution,

\I]disk('ra 7(-/2) =K \Ijmax("' - To)n . (A6)

Forr > (1/E)"/™+r,, Wgig (7, w/2) = 1. The parameters 7.,
FE, n are chosen such that the foot points of the flux surfaces
are concentrated to the innermost region. This is required
by the assumption of a rigid rotation of the magnetosphere.

— Jet boundary: Along the jet boundary asymptotically colli-
mating to a cylindrical shape we fix

Vinax = \I](rjeta ejet) =1 (A7)

by definition. As mentioned before, the shape of the jet
boundary (7, fje) has to be well adjusted (and has to be
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found in an iterative way) in order to satisfy the regularity
requirement.

— Asymptotic boundary (x, zoy): We assume that the jet has
been collimated into a cylindrical shape. In this region with
adistance of about z & 50 M from the black hole, the geom-
etry is very close to Minkowski space. We use either homo-
geneous Neumann conditions or the non-linear analytic so-
lution of the special relativistic, asymptotic jet equilibrium
Eq. (17) as Dirichlet condition. When the outer and inner
domain are calculated separately, then Dirichlet conditions
are required at the upper boundary. Otherwise it would not
be possible to fix the flux in this domain.
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Abstract. Highly collimated jets are observed in various astro-
nomical objects, as active galactic nuclei, galactic high energy
sources, and also young stellar objects. There is observational
indication that these jets originate in accretion disks, and that
magnetic fields play an important role for the jet collimation and
plasma acceleration. The rapid disk rotation close to the central
object leads to relativistic rotational velocities of the magnetic
field lines.

The structure of these axisymmetric magnetic flux surfaces
follows from the trans-field force-balance described by the
Grad-Schliiter-Shafranov equation. In this paper, we investigate
the asymptotic field structure of differentially rotating magnetic
jets, widening the study by Appl & Camenzind (1993a,b).

In general, our results show that, with the same current dis-
tribution, differentially rotating jets are collimated to smaller
jet radii as compared with jets with rigidly rotating field. Dif-
ferentially rotating jets need a stronger net poloidal current in
order to collimate to the same asymptotic radius. Current-free
solutions are not possible for differentially rotating disk-jet mag-
netospheres with cylindrical asymptotics.

We present a simple analytical relation between the poloidal
current distribution and magnetic field rotation law. A general
relation is derived for the current strength for jets with max-
imum differential rotation and minimum differential rotation.
Analytical solutions are also given in the case of a field rotation
leading to a degeneration of the light cylinder.

By linking the asymptotic solution to a Keplerian accre-
tion disk, ’total expansion rates’ for the jets, and also the flux
distribution at the foot points of the flux surfaces are derived.
Large poloidal currents imply a strong opening of flux surfaces,
a stronger gradient of field rotation leads to smaller expansion
rates. There is indication that AGN jet expansion rates are less
than in the case of protostellar jets. High mass AGN seem to
have larger jet expansion rates than low mass AGN.

Send offprint re uests to: German address

Key words: MHD - ISM: jets and outflows — galaxies: jets
— stars: magnetic field — stars: mass loss — stars: pre-main se-
quence

1. Jet formation from disk magnetic elds

Observations of different kinds of jet sources give convincing
evidence that jet formation is always connected to the presence
of an accretion disk. This holds for various scales of energy
output, jet velocity and nature of the jet emitting objects as
there are active galactic nuclei (AGN), galactic superluminal
jet sources, mildly relativistic jets from neutron stars (e.g. SS
433), and the numerous class of protostellar jets (e.g. Zensus et
al. 1995; Mirabel & Rodriguez 1995; Mundt et al. 1990, Ray et
al. 1996).

It is now generally accepted that magnetic fields play an
important role in jet formation and propagation for all different
kinds of jet sources. These jets are believed to originate very
close to the central objects in the interaction region with the
accretion disk or in the disk itself.

If the central object is a black hole as it is likely for AGN
and galactic superluminal jet sources, the disk is the only pos-
sible location for a field generation (by dynamo action or/and
advection of magnetic flux).

In the case of protostars and neutron stars the central object
also carries a relatively strong magnetic field, and it is not yet
clear, whether the jet magnetic field originates in the disk or
in the star. However, there must clearly be a strong interaction
between the stellar field and the accretion flow in aregion, where
the stellar field couples to the disk.

Plasma is ejected from the disk into the magnetosphere
and becomes magnetically accelerated (see Ferreira & Pelletier
1995). Electric currents and inertia associated with the plasma
flow collimate the jet. The observed degree of collimation is
very high. The extragalactic jets, the galactic superluminal jets
as well as protostellar jets are collimated almost to a cylindrical
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shape (Camenzind & Krockenberger 1992, Zensus et al. 1995;
Ray et al. 1996).

While for extragalactic and galactic superluminal jets a fully
relativistic description is obviously necessary, the case of pro-
tostellar jets is more complicated. The protostellar jet velocities
of about ~ 400km s~ (Mundt et al. 1990) are clearly non-
relativistic. However, if the field is anchored in the accretion
disk, the rapid rotation of the inner disk may lead to field rota-
tional velocities of the order of the speed of light (Camenzind
1990; see also Fendt et al 1995). In this case a relativistic treat-
ment of the MHD would be required. We emphasise that there
are no relativistic effects in the dynamics of the jet motion itself
(since the Alfvén surface would be well inside the light surface,
where the field rotational velocity equals the speed of light).

Appl & Camenzind (1993a,b; hereafter ACa, ACb) investi-
gated the asymptotic trans-field equation in the case of constant
field rotation. They were first to find a non-linear analytical solu-
tion for a cylindrically collimated asymptotic field distribution
(ACb). They also derived relations between the interesting jet
parameters jet radius, current strength, and the field and current
distribution.

In previous papers these results where used as a boundary
condition for the calculation of global two-dimensional jet mag-
netospheres (Fendt et al. 1995; Fendt 1996). As it was shown,
the critical solution of the wind equation along the calculated
field structure asymptotically approaches the analytical force-
free result (Fendt & Camenzind 1996).

However, since jet motion is connected to an accretion disk,
and since the accretion disk rotates differentially, the jet mag-
netosphere, if it is anchored in the disk, essentially obeys dif-
ferential rotation. This feature should therefore be a natural in-
gredient for any magnetic jet structure. How differential ro-
tation effects the asymptotic jet equilibrium, is not obvious,
since it involves collimating and de-collimating terms in the
force-balance equation. Ferreira (1997) showed that differen-
tial rotation plays a major role in recollimation of jets and their
asymptotic behaviour.

As a principal problem for differentially rotating relativistic
jet magnetospheres, the position and shape of the singular light
surface is notknown a priori, but have to be calculated iteratively
in a non-trivial way together with the flux distribution.

A differentially rotating field distribution is further interest-
ing near the jet boundary. Here, models with arigid field rotation
imply a sharp cut off of the field rotation in the jet and in the
surrounding interstellar medium, while with a differentially ro-
tating field a smoother transition is possible.

The structure of the paper is as follows. In Sect.2 we re-
call some basic equations of the theory of relativistic magneto-
spheres and discuss several difficulties with the solution of the
Grad-Schliiter-Shafranov (hereafter GSS) equation. We evalu-
ate the GSS equation for asymptotic cylindrical jets, including
differential rotation. In Sect.3 we discuss our results. We in-
vestigate, whether current free cylindrical jets are possible. We
solve the asymptotic GSS equation for different assumptions for
the field rotation and finally present a general analytic relation
between the current distribution and the rotation law.
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2. tructure of magnetic jets

Throughout the paper we apply the following basic assumptions:
axisymmetry, stationarity, and ideal M D. We use cylindrical
coordinates (R, ¢, Z) or, if normalised, (z, ¢, z). The notation
is similar to that of Fendt et al (1995) and ACa,b.

We emphasise that the term asymptotic always denotes the
limit R << Z and that jets with finite radius, Z — , R <
are considered.

2.1. The force-free cross—field force—balance

With the assumption of axisymmetry, a magnetic flux function
W can be defined,

U= ! /Bp~dA,
2w

measuring the magnetic flux through a surface element with
radius R, threaded by the poloidal component (index ’P’) of
the magnetic field B. With Eq. (1) the toroidal component of
Ampere’s law leads to the GSS equation

1 4
. ) =— ;
RV <R2V ) C] ,

with the toroidal component (index ¢) of the current density
J. The poloidal current, defined similarly to the magnetic flux
function,

RBp=VU A | ey

@)

I:/jp~dA=—;RB, 3)

flows within the flux surfaces, I = I(V). The projection of the

force-free, relativistic equation of motion (where inertial effects

of the plasma are neglected),
I,

O=p.E+ jANB, “)
c

(with the electric field E and the charge density p.) perpendic-

ular to the magnetic flux surface provides the toroidal current
density,

Lo RO\ 1 4148
c‘] c T 47R 2 2 dV

Q
(VY VIE).
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Qris the angular velocity of the field lines and is conserved along
the flux surfaces, Q2 = Qr(¥). Both the current distribution
I(\¥) and the rotation law of the field, Qr(¥), determine the
source term for the GSS equation and govern the structure of
the magnetosphere. Combining Egs. (5) and (2) the cross-field
force-balance can eventually be written as

1 — (RQp(V)/c)? 4114 o,
RV~< s V\I/> = — c2R2d\I/I W)  (6)
- R|v\1/\21 d QE(D),

2 dV
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which is called the modified relativistic GSS equation.

At the light surface with R = Ry = (¢/Qgr(¥)) the rota-
tional velocity of the field lines equals the speed of light. Here,
the GSS equation becomes singular. For differentially rotating
magnetospheres the shape of this surface is not known a priori
and has to be calculated in an iterative way together with the
2D solution of the GSS equation. For constant field rotation the
light surface is of cylindrical shape. We choose the following
normalisation,

R,Z < x Ry, z Ry,
Qr & Qr(c/Ro),
U o U,
I & Iy,
By & 870k, /R)).

For the length scale Ry the radius of the asymptotic light
cylinder (see below) is selected. In order to allow for an imme-
diate comparison to rigidly rotating magnetospheres, the nor-
malisation is chosen such that Qg =1 atz = 1.

With the normalisation applied, Eq. (6) can be written di-
mensionless,

1 — 22Q02(T) 11d
xV-( 2 VW) = — g:EZd\I/I ()
— 2! Ty, )
v 24U F

g is a coupling constant describing the strength of the current
term in the GSS equation,

= 4I§1axR(% =4 Tmax ’ Ry ’ W nax -
I= g 10184 ) \ 10'%cm ) \ 1033 Gem?

in the case of AGN, and

=4 ( Imax )2 ( RO )2 < \Ilmax >_2
=7 L1024 ) \104em ) \ 1025 Gem?
for protostellar parameters. Note that g in this paper is in ac-
cordance with the definitions in Fendt et al. (1995) and differs
from the definition in ACa,b by a factor of two, grendat = 2 gac-
A coupling constant, defined in a similar way for the differen-

tial rotation term, would be equal to unity, indicating on the
important role of this effect.

2.2.  here is the asymptotic light cylinder located

We define the asymptotic light cylinder, Ry, as the asymptotic
branch of the light surface Ry (V). Asymptotically, this quantity
plays the same role for the GSS equation as the light cylinder
does in the case of a rigid rotation of the magnetosphere.

All asymptotic flux surfaces within R rotate slower than
the speed of light and R(¥) < Ry (V). Flux surfaces outside Ry
may rotate faster than the speed of light, here R(V) > Ry ().
Despite a possible degeneration of the GSS equation for a spe-
cial rotation law (see below), there is only a single physical
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asymptotic light cylinder possible. Therefore, Ry = R(¥,) =
RL(¥,).

It should be noted that the introduction of a light cylinder
Ry (P) = ¢/Qr(V) alsorelies on the Ideal MHD assumption. For
a non-infinite plasma conductivity a conserved angular veloc-
ity of the field lines Qr(¥) cannot be defined. However, even in
this case, the field may move with relativistic speed. The math-
ematical formalism, of course, becomes more complicated and
its solution is beyond the scope of this paper. An estimate of
diffusion and dynamical times scales for protostellar jets, re-
spectively, leads to the conclusion that the Ideal MHD assump-
tion may be appropriate (Fendt 1994). For AGN this assumption
would be even more valid.

2.2.1. Stellar magnetosphere

In the case of a constant field rotation the light cylinder radius
just follows from the rotational velocity of the field (and does not
depend on the flux distribution V(R, Z)). Under the assumption
that the field is anchored in the stellar surface, the field rotation
follows from the stellar rotational period P,. The rotational pe-
riod of many protostellar jet sources is not known, but in the
case of T Tauri stars it is of the order of days. Thus, we estimate
the light cylinder radius

R,

P /P
=210 * ) =1.410*R, ).
Ry 0 cm<5> 0"R 2R, 5

This radius is of the order of the observationally resolved asymp-
totic jet radius of about 10'> cm (Mundt et al. 1990; Ray et al.
1996). HST observations indicate on slightly smaller jet radii
of 20 AU (Kepner et al 1993).

For neutron stars the light cylinder is at

R,

P /P
=510° *) =4 . ).
R.=5 00m<1 ) 630R (106cm> (1 )

2.2.2. Disk magnetosphere

For disk magnetospheres the rotation law is determined by the
flux distribution along the disk surface together with the disk
rotation. If the foot point of a flux surface on the disk (here the
term foot point denotes the position along the field line, where
ideal MHD sets in) at a radius Rp(V) rotates with Keplerian
speed, the flux surfaces intersect the light surface at the radius

Ro(®)\( M \*f R, \
R, 3Mgp 2R
(here for protostellar parameters) with the mass of the central

object M. The ratio between the position radius of the light
surface and the light cylinder for rigid rotation is then

RL(¥) =570R, (

oo () G ) G ) (5)'
R, R, 2Ro ) \3Mg 5
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(again for a protostellar disk magnetosphere). Is the central ob-
ject a neutron star, this ratio decreases by a factor of about 100.
For AGN we can estimate

RL(¥) =410"cm (RD(\I’)>Z<
Rs

)
1010Mg, )

and in general

RO _ ) (RD@))?

Rs Rs ®

where Rg is the Schwarzschild radius of the black hole.

The question, whether or not a relativistic description is
required for the jet magnetosphere, depends on the asymp-
totic radius of the flux surface, R . If for any flux surface
RL(¥) £ R (W), a relativistic description of the magne-
tosphere is required. In the contrary, if for all flux surfaces
RL(¥) > R (¥), the Newtonian description is appropriate.
Note that even then, for two arbitrary flux surfaces ¥, and ¥,
with R (¥)) < R (¥), RL(¥)) <R (¥,)is possible.

In principal, the asymptotic field distribution is a result of the
two-dimensional force-balance of the jet, and therefore should
follow from the solution of the two-dimensional GSS equa-
tion. We hypothesise that the asymptotic force-free solution will
uniquely be determined by the disk flux and current distribution
(and vice versa).

Our results for differentially rotating jets can hardly deliver
a statement about the absolute value of the asymptotic jet radius,
but only in terms of the asymptotic light cylinder jet radius Ry.

2.3. The asymptotic force-balance

In the asymptotic regime of a highly collimated jet structure we
reduce Eq. (7) to a one-dimensional equation, equivalent to the
assumption 0 >> 0 .

Then, W(z, 2) — Y(x), and the conserved quantities (V)
and Qp(P) can be expressed as functions of z. If we further
assume a monotonous flux distribution W(x), the derivatives
(0/0¥) — (dV/dx)~'(d/dx). Note that this excludes hypo-
thetical solutions with a return current from our treatment (see
also Sect.3.4.1).

With the assumptions made above, the GSS Eq. (7) reduces
to an ordinary differential equation of first order in the derivative
(dV /dz)?,

d av 4 dQZ\ dVU
202 2 _ 2 2QE 2
(1 wQF) dx(d:v) * (z 2y — d:z:>(dx)
dr?

=0 9

9 0 )

Since (x~2dV /dx)? is related to the magnetic pressure of the
poloidal field, Eq. (9) can be rewritten as

de%)_ g dI?

d
1 — 2203 —4 02 =— ) 10
(1 —2°0%) de ( Py e 8ma? dx (19)
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The magnetic flux function then follows from integration of

d¥(x)
=z
dr

V8T (2) (11
with U(z = 0) = 0. At the singular point x = 1 the solution (x)
must satisfy the regularity condition

dr*(1
g al) (4 + (12)

_ O
= 87 dx > '

dx
‘We mention that Eq. (10) can also be derived from the equation

for the asymptotic force-equilibrium perpendicular to the flux
surfaces,

R? B2 RB3 B2Ox
1— P PYR - "PUV (R 13
( Rf) v 87 ZWR% 4rrc? ( P (13)
1
B )Y =0
+ 87TR2V(R ) ;

where V indicates the gradient perpendicular to the flux sur-
faces, and where poloidal field curvature and the centrifugal
force are neglected (Chiueh, Li & Begelman, 1991; ACa).

2.4. Discussion of the force-free assumption

One may question the assumption of a force-free asymptotic jet.
Indeed, in a self-consistent picture of jet formation, the asymp-
totic jet is located beyond the collimating, non force-free wind
region and beyond the fast magnetosonic surface. The asymp-
totic jet parameters are determined by the critical wind motion
and thus, the poloidal current and the angular velocity of the
field are not functions free of choice.

The essential point here is the assumption of a cylindrical
shape of the asymptotic jet, an assumption, however, which is
clearly indicated by the observations. The general, non force-
free expression for the poloidal current is

n(MEW) 2? —2?

RB Qp(T) 1 — M2 — 22’

=—4n

where n(¥) is the particle flow rate per flux surface, E(¥) is
the conserved total energy, M the Alfvén Mach number, and
z () the Alfvén radius of the flux surface. For cylindrical flux
surfaces, all quantities on the r.h.s. are functions of W, and thus,
also RB is a function of ¥. Although RB is not equal to the
force-free current, it enters Eqs. (10) and (13) in a similar way.

The centrifugal term, which was neglected in Eq. (13), is
— 2pRO? , with the plasma density p and plasma angular
velocity 2 (see ACa). This term may be important for small
plasma densities p, where RS2 might be large, as well as for
high densities, where the toroidal plasma velocity is supposed
to be small. We can estimate the importance of this term by
normalising and introducing a coupling constant

_ MetCR%
g - 7_[_\112 )

max
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which is of the order of one tenth for a jet mass loss rate _Mje[ ~
1072Mpyr ! and other parameters typical for AGN.

For protostellar jet parameters and a mass loss rate ]\IJet ~
107""Mgyr~!, g increases by a factor of 1000. However, in
this case we may expect that the Alfvén surface of the plasma
motion is located well inside the light cylinder. Thus, the plasma,
rotating with constant angular momentum beyond the Alfvén
surface, has a decreasing and low angular velocity 2 (which is
normalised to the Q). The centrifugal term ~ 2% may become
comparatively small. We emphasise that the latter arguments are
rather (simplifying) assumptions than keen conclusions, as long
as the true non force-free jet equilibrium is not investigated.

Contopoulos & Lovelace (1994) and Ferreira (1997) con-
structed self-similar solutions including centrifugal forces
showing that the magnetic terms indeed may dominate the cen-
trifugal term for large radii leading to a recollimation of the
outflow.

2.5. Solution of the asymptotic GSS e uation

Eq. (10) can be solved by the method of the variation of con-
stants. The integrating factor of the differential equation is

_ Q@) -, Q%@
M(x) = exp / 4 | w02 dr | | (14)

n = 0.5,2, ¢d current distribu-
! . 10 10 fion (22),a=1,10,n = 2.

with the formal solution

1
(z) = -

M@ g I’
M) d:v) (15)

1 — 22Q%(z) 8ma?
Using Eq. (12), the general solution can be evaluated,

1 g M@ d

1
_ 1 s
(r) = M(x) 87 / 721 - jZQ%(i.) diI (Z)dz .

(16)
As already mentioned by ACa, the solution (z) is determined
by the regularity condition (12). The magnetic flux function is

U(z) = / i\/81 (T)d7 . a7
0
In the case of a constant field rotation, ACb found an ana-
Iytical, non-linear solution to the asymptotic GSS equation, the
flux distribution

1 2

(@)= In (1+(I) > , (18)
b a

together with the current distribution
1 — —bW

=" ° (19)
] —e?
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leading to a certain relationship between the current distribution
parameter b, the core radius a, the coupling constant g, and the
asymptotic jet radius zjr = (¥ = 1).

3. Results and discussion

We now discuss different solutions of the asymptotic GSS equa-
tion including differential rotation. We first consider the case of
vanishing poloidal current. We give an analytical solution for a
special rotation law leading to a ’"degeneration’ of the asymptotic
light cylinder. Then, Eq. (10) is solved numerically for differ-
ent assumptions for the asymptotic field rotation Qg(z). Finally,
using a general ansatz for the asymptotic field distribution we
derive a relation between I(¥) and Qr (V).

In general, the differential equation for the field pressure
(10) can be rewritten as a differential equation for the angular
velocity of the field lines,

a2 (4 din )\ ., g 1 dI* 1d@n)
= 20
dr (m T e > F78rat dr 2 dx (20)
with the formal solution
1 g d
20N _ 2 2
Qp(z) = ” ( + 87TI (:I;)+/a: d;z:) . 21

For physical reasons, Q%(x) should be monotonous (since cou-
pled to the disk rotation), and positive for all x. In order to
be consistent with the chosen normalisation, we further require
Q&(1) =1, and Q% < 1 for x < 1. From the latter condition,
it follows that the integration constant must vanish, = 0. Oth-
erwise the rotational velocity {2 of the field would diverge for
x — 0. Note that, although the angular velocity may diverge
with Qp ~ 1/ ,0 < 1, the rotational velocity remains
finite for z — 0.

We can further see that for particular choice, a bounded
current distribution with the core radius a,

(z/a)"
I(x) = 22
@ =1} (a/ay 22)
and for n 2 the current term in Eq. (21) does not diverge in

the limit x — 0, leading to finite angular field rotation (since
(0) must be finite), while for n 2 1/2 the angular velocity
diverges but not the rotational velocity, Qg — finite value.

3.1. The case of constant or vanishing current

Now we take a look at the case of a vanishing poloidal current.
A constant current, I(x) = const, would imply a divergence in
the field rotation.
If I(x) = 0, from the regularity condition (12) it follows that
(1) = 0. From Eq. (21) we conclude that a physical rotation law
(which does not diverge at x = 1) requires that the numerator
f 2%(d /dx)dx vanishes together with the denominator x* .
This, however, is in contradiction with the requirement of a
decreasing, monotonous rotation law, as it can be derived from
the following. A vanishing integral [ z*(d /dx)dz requires that
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the integrand changes sign at a certain position. Thus, (z) has
to have a maximum (a minimum is ruled out, since (1) = 0),
and also the term z* . On the other hand, the integral has a
maximum too, but not necessarily at the same position. This
implies that the ratio of numerator and denominator passes a
point of inflection, where both terms equal, and therefore 02 =
1. Since also Qg(x = 1) = 1 by definition, this is in contradiction
with a monotonous rotation law.

We conclude only from asymptotic considerations that
cylindrically collimated differentially rotating jets always carry
a non-constant, net poloidal current. This is in agreement with
previous results (Heyvaerts & Norman 1989, Chiueh et al.
1991).

3.2. A solution with degenerate light cylinder

The next case we will investigate is for a rotation law

Q@)= . 23)
x

Now all asymptotic field lines rotate with the speed of light, and
the light cylinder degenerates. Note that this does not contradict
with our choice of normalisation. The length scale is measured
in units of Ry, which is the light cylinder of a rigidly rotating
magnetosphere. Here, Qr(1) = (Qp)yigiq = 1

The rotation law (23) and the corresponding field distribu-
tion may be considered as a somehow ’limiting case’ for a phys-
ical field rotation. For a rotation law with a steeper slope (e.g. for
Q2 ~ 273) the rotational velocity will diverge if z — 0. Also,
the surface x = 1 then plays the role of a somehow ’inverted’
light cylinder since all field lines within (outside) the light cylin-
der rotate faster (slower) than the speed of light. Whether this
behaviour could be considered as appropriate for astrophysical
application also depends on the 2D field distribution.

Since for assumption (23) the derivative term of  disappears
in Eq. (10), we can immediately write down the solution

_ 9 d 2 _ gz d 5. - 5 ~
(x) = 1672 de (), ¥(x) —/0 ( ) diI (m)) dz. (24)

With a current distribution I(x) = 2™ the field distribution is

g n—2 V9 i
= 2 \Ij = . 2

@)= 2z, V@)=~ "2 (25)

This gives a rotation law for the flux surfaces
1/(n+1)
V/ng 1

Qp(P) = 26

F(V) (n 1 (26)

We show the solution with bounded current distribution (22)
and n = 2 in the Appendix. Fig. 1 displays both results in com-
parison with a field distribution resulting from a rigid rotation
law, QO = 1.

We note that Contopoulos (1994) applied a similar rota-
tion law for self-similar solutions of the 2D GSS equation,
which take self-consistently into account also plasma inertia ef-
fects. With a current distribution I(x) ~ "', Eq. (24) reveals



C. Fendt: Differentially rotating relativistic magnetic jets 1005
2 T T R
LY I
. AN
[ \\ M\ ‘\
N Fy
15\ 4 15 ! 4
SN \\ LA \\
oY t \\\
>\ \ *\\ \‘
® [ \\\\ ® [ i\,,,\r \
= 1 SN =l X<
[=] L \»\ \\\—\ [=] L \‘\\\\\—\
L » < L N
r \\.\\ T E \‘\; ~ \\\\\\
L AN T~ L AN TTe-o
05 AN BRI 05 - o T~ E
L ~ ~ L ~._ — |
~ ~ - —
[ oS \\\ i [ ‘\\‘\\\\-\
a [ = bo[
O P P S HP Ui s S ol
0 1 2 3 4 5 0 1 2 3 4 5
X X
5 T T 5 T Ty T
[ // I // / y 4
' .
L : J i / / s
4~ ; // T 4 /l / v -
: : // o : : // // v/'/
L / - — L i 7
[ ,'// -~ 1 r ;‘// / e
3 / e — 3 vy , —
Ol s CH ;) S
= f iy = | /o,
g L i1 ¢ L i/ , . . .
o ,‘/// o // e Fig. 2a—d. The rotation laws applied
A /g/‘} j er }‘/} e j for the asymptotic jet magnetosphere
I Vo [ /. (29) (a), (¢), and (30) (b), (d). Square
L 2 Tl } ] L 4 ] of the a, b angular velocity QF, and
i Y T i // ¢, d the rotational velocity 2Q%. Pa-
et o a Q// rameters: = 0 (solid), = 0.1
07//”‘\HH\HH\HHMHf ol (dotted), = 0.2 (short-dashed),
0 ! R N ° 0 ' R N ° = 0.5 (long-dashed), = 1.0 (dot-

W(x) ~ x™, which is identical to the results of Contopoulos
(1994). In the force free limit, his function (W) is identical to
our poloidal current (2/¢)I(V).

As a simple application of this differentially rotating field
distribution, the asymptotic solutions (25) and (26) are con-
nected to an accretion disk with Keplerian rotation, Qg (z) =
/GM /2Ry x~3/% (we assume here that the flux surfaces orig-
inating in the disk rotate with this velocity).

Since the field rotation near the disk Qp((W(x))gisk) =
Qg (z) must be the same as in the asymptotic regime, Qp(V),
the flux distribution near the disk can be calculated,

n+l
) wS(n+l)/2 )

From the comparison of the disk flux distribution with the
asymptotic flux distribution, it follows that for a certain flux
surface the ratio between it’s asymptotic radius, z ¢ and the
radius near the disk zp  is

Vg 2Ry

(P (2))disk = ntl oM 27)

X v C2R0{L‘

oM (28)

DV-
D ¥

ted-dashed).

We can further calculate the foot point of the outermost flux
surface, ¥ = 1, from Eq. (27), and with that and Eq. (28) the
’total expansion rate’ of the jet

(n+1) ) '3

()™

The first term in this equation varies rather weakly with g, and
is of the order of unity (unless g is not much larger or much
less than unity). For the second term we calculate for AGN
(M = 100 Mpa, Ry = 10'® cm) a number value of about 2,
which is surprisingly small, and for protostars (M = 3Mg),
Ry = 10 cm) a value of ~ 1200, respectively. This result
may indicate on an intrinsic difference between the two jet
sources. However, we should keep in mind that inertial forces
may change the protostellar jet expansion rate and that the as-
sumed current distribution might not be appropriate.

Comparing the field distribution near the disk (27) and in
the asymptotic region (25) at small radii < 1,

1
CZRQ (n+h)
= x
GM ’
we may principally expect a recollimation of certain flux sur-
faces, depending on the source parameters M, R and the ra-

CZRQ
GM

Tjet
ID w=1

W()disk
WU(x)
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dius . However, we believe that such kind of conclusions (e.g.
‘recollimation predominantly for low mass AGN’) might be ex-
aggerated, since not very much is known about the disk field
distribution and rotation, especially for small radii near the star,
black hole, or disk boundary layer.

Fig. 3a—e. a Magnetic pressure dis-
tribution ( ) and b flux distribution
W( ). ¢ Coupling constant as a func-
tion of the jet radius. The field rotation
law is (29) with different steepness

parameters, = 0 (solid), = 0.1
(dotted), = 0.2 (short-dashed),
= 0.5 (long-dashed), = 1.0 (dot-

ted-dashed). The solid curves coin-
cide with the analytical result from
ACDb. Note that the solid curves corre-
spond to the dotted curves in Fig. 1c
and 1d.

3.3. Numerical solutions of the asymptotic GSS including dif-
ferential rotation

In this section numerical solutions to the asymptotic GSS equa-
tion with differential rotation are presented. Here, the current
distribution is prescribed, and Eq. (10) is solved for different
assumptions for the rotation law, Qg(z) = Qp(¥(x)).

In order to allow a comparison with rigid rotation solutions
we chose a bounded current distribution (22) (with n = 2) in
parallel to the work of ACa,b. For the rotation law we require that
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(i) itis finite at x = 0, (ii) Qr(x = 1) = 1, in accordance with the
normalisation, and (iii) Q% >0 W < 1. These requirements
are satisfied by e.g. the following functions,

Q%;(x) = " (29)
1
exp ( . ) 1
Qi) = = -1 30
F() 4l 7 In( +1) G0
where plays the role of a steepness parameters (see Fig. 2).

There is a further condition (iv) for a rotation law. Rota-
tion laws remaining valid for x — , have to be flatter than
Qp ~ 1/z. Otherwise the rotational velocity of the field lines
will pass a maximum and finally decreases to values Q% 1
(Fig. 2c). Note that ansatz (29) cannot be applied for arbitrarily
large radii in the case of a high steepness parameter . Since ro-
tation law (29) is applied for a finite flux distribution, there is no
serious problem as long as the turn-over of the rotational veloc-
ity is located beyond the jet radius. Ansatz (30) is more general,
however, the analytical expressions look more complicated.

In Fig. 3 we display the numerical solutions of the asymp-
totic force balance for ansatz (29). A solution with ansatz (30)
looks very similar, we therefore omitted the plot. The solid
curves show the field distribution with constant field rotation
coinciding with the result of ACb, the other curves the result
with increasing steepness of the rotation law, respectively.

The small peak in the field pressure (Fig. 3a) along the so-
lution with the very steep rotation law results from numerical
difficulties with the above mentioned decrease of rotational ve-
locity for large radii and does not appear for the other ansatz.

From the solutions ¥(x) and I(x) or Qr(x), we can derive
the distribution of the conserved quantities (V) and Qp(¥)
(Fig. 3d, 3e), which could be applied for force-free 2D calcula-
tions.

Fig. 3c shows the relation between the coupling constant
(measuring the strength of the poloidal current) and the jet ra-
dius. In order to obtain jets with the same radius, the current
strength has to be increased with increasing steepness of Q.
The same behaviour is mirrored in Fig. 3e, if we compare the
poloidal current at the jet boundary, (¥ = 1), for different

The force-equilibrium is affected by differential rotation
predominantly in the outer part of the jet. The field distribu-
tion within the core radius a of the asymptotic jet is not con-
cerned very much by differential rotation, although a slight de-
collimating effect can be observed. The behaviour changes be-
yond of & = a, where the collimating effect is stronger than the
de-collimation effect in the inner part.

Our results clearly show that differential rotation has a col-
limating influence. Depending on the steepness parameter, the
asymptotic jet radius (defined by ¥ = 1) varies by a factor up to
2, which could be even larger for a lower coupling g. Note that
the spatial scaling is in terms of the asymptotic jet radius .
This parameter, however, and thus the absolute scaling can only
be inferred from a 2D solution. In Sect. 2.2 we gave arguments
that, due to the rapid rotation of the accretion disk, Ry could
be closer to the jet axis compared to solutions with constant
rotation Qf = (2,
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3.4. A non-linear analytical solution

In this section we derive a general analytical solution for the
rotation law Qg(W¥). We assume a form of flux distribution pa-
rameterised as in Eq. (18). However, in contrary to the case of
rigid rotation, the parameter b = In(1 + (&je / a)?) is not a pri-
ori coupled to the current distribution (e.g. Eq. 19). Then, the
asymptotic GSS can be transformed into an ordinary differential
equation for 02,

d 2b gt (Y)Y d
Q2T QD) = (v
gu B e D =T e gy T
1 2b
T2 eb? G

Now we investigate, whether a combination of current distribu-
tion and rotation law can be found, which is consistent with the
chosen flux distribution. The general solution of Eq. (31) is

+ 4119 b2I%(T) — a‘ze_b‘l'(e_b‘l' —2)

2 -
QD) = (1 —e—b¥)2 )

(32)
with the integration constant . This solution diverges for ¥ —
Ounless = —1/a?. Thus, we obtain

I2(T) 1

(1 — e—b¥)2 T g2 (33)

1
QW) = g0’
and vice versa a relation for the current distribution in terms of
Qp(P). In the limit ¥ — O the solution approaches
1 g d?

: 2 _ : 2
lI1}1210 Qe () = 2 + g ‘II}LnO d\IJZI D). (34)
For a current distribution (19) we end up with the result of ACb
with constant angular velocity of the field, Qp = 1.

Since by definition I(V = 1) = 1, zje = aveb — 1, we can
derive an expression for the coupling constant

4 b1
g= o= QD+ exz ) . (35)

jet

Eq. (35) is visualised in Fig. 4. We see that differential rotation
plays a dominant role only for low-g / low-b jets, i.e. jets with
low poloidal current and a broad field distribution (i.e. large
core radius). Note that although a is shifted to lower values for
steeper differential rotation, the magnetic flux U(z = a) remains
unchanged. In the limiting case of rigid rotation the parameter
b describes steepness of the poloidal current distribution. We
can rewrite Eq.(35) in terms of the core radius a of the field
distribution

2 2\ 2

g_4f212:(1)+ (l/a) (:cjet/a) 36)
In(1 + (zjer/@)?) 1 4 (xjel/a)z

This shows that in order to obtain the same asymptotic mag-

netic jet structure (with the same parameters a, b, or Tj in

Eq. (18)), the current has to be larger (parameterised by the cou-

pling constant g) in the case of larger gradients of the rotation
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law. Similarly, for a fixed ratio (wje /a) and g, but decreasing
Q2r(1), also the core radius a (and thus ) is decreasing.

The thick line in Fig. 4 is the limiting value for the coupling
constant g for rigid rotation, where the core radius a diverges
(ACDb). It corresponds to a minimum current required for rigid
rotating magnetic jets, g = 4(1 — e~%)?/b%. In the case of
differential rotation, this value is decreased by a factor Qr(1)?.

Egs. (35) and (36) are a general result resting only on the
assumption of the field distribution (18). No assumption was yet
made about the function Qp(¥). Any solution 1(¥), Qp(¥) has
to lie within the limiting curves of Qg(1) = 1 and Qr(1) = 0 in
Fig. 4. The ratio of the coupling constants for constant rotation
(Qr(1) = 1) and for maximum differential rotation (2g(1) = 0)
is

2
Ijel

GJmax
=1+ .
et —1

Gmin

(37)

Again we derive the "total expansion rate’ similar to Sect. 3.2
by comparison of the asymptotic solution with Keplerian disk
rotation,

T (GMY _ 1 e
; <32R0> =, " — (" =1 Liet)

38
4 (1 —e*b)z %)

3
TD w=1

where no assumption was made about a specific field rotation.
Strong currents and large asymptotic jet radii imply a strong
opening of the flux surfaces. If we rewrite Eq. (38) in terms of
the field rotation,

CZRO ; 2 Ry ; 2
= (GM)xjet Q)= <2Rs>xjet QL(), 39)

Tiet
Tp w=1

we see that a stronger gradient in the field rotation (a lower value
of Qr(¥ = 1)) leads to a lower expansion rate. A vanishing
field rotation of the outermost flux surface leads to a vanishing,
unphysical, expansion rate.

With reasonable numerical parameters the different central
objects (see Sect.2.2), the numerical values for the expansion

rate are
-1
Tiet 2 M Ry
=22, Q21
A (10101\4@) (1016cm>

in the case of AGN, and

2 M R() !
= 600 2 (1
et 25 (1) (3M@) (10‘50m>

for protostellar objects.

We may assume that AGN jets are highly relativistic with
1 << @jer ~ 100, and therefore are strong differential rotators,
1 >> Qg(1) ~ 0.1. Their expansion rate would then be of
the order of 50. In the case of protostars wje; ~ 1, and thus
Qgr(1) ~ 1. The expansion rate would then be of the order of
600. The applied number values for xj; and Q2r(1) are only raw
estimates, indicating ’steep’ or ’flat’ rotation laws and "highly’
or *weakly’ relativistic field rotation, respectively.

Liet

ITD w=1
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b = In(1+(x,./a)?)

Fig. 4. Interrelation between the jet parameters g, b = In(1+( je/ a)®),

jet and the angular field velocity at the jet boundary, QT = 1).
Q&(1) = 1 (solid), Q&(1) = 0.5 (dotted), (1) = 0.1 (short-dashed),
Q%(l) = 0 (long-dashed). The thick solid curve is the boundary of the
forbidden regime, where no rigid rotating jet solutions are possible.
The solid curves coincide with the result from ACb.

Keeping all the uncertainties in mind, we may generally
expect lower expansion rates for the AGN. Especially the ex-
pansion rates for protostars have to be taken with care (see also
discussion end of Sect.3.2). However, a rather general conclu-
sion might be that high mass, fast rotating AGN have higher
jet expansion rates than their low mass slower rotating counter-
parts.

If we rewrite Eq. (35) we find an expression for the ratio of
the jet radii in terms of the field rotation of the outermost flux
surface.

3.4.1. The question of non-monotonous flux distribution

We note a general difficulty with non-monotonous flux distri-
butions. In this case the jet magnetosphere would consist of
flux surfaces with different foot points, but with the same ab-
solute flux, e.g. ¥; = W,. These flux surfaces are not directly
connected within the integration domain.

There is no physical reason, why they should not carry a
different poloidal current, as long it is conserved along ¥ and
W,, respectively. However, in this case the description of the
poloidal current as a function /(¥), seems to fail. Instead it is
supposed, that always I(W) = I(W;), and one has to assume
such kind of current distribution.

The problem is more serious for the other ’free’ function,
the field rotation Q(W). Here, if we suppose an accretion disk
as source for the magnetic flux, all foot points of the flux sur-
faces must rotate with monotonously decreasing angular ve-
locity. Again, the description does not support a different field
rotation for ¥ and W,. This statement is also valid for a non
force-free description.
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We conclude that the monotonous disk rotation could only
support monotonous flux distributions. Therefore, assumption
(18) for the analytical solution seems to be rather general.

3.4.2. A special analytical rotation law

As an example for a current distribution appropriate for differ-
ential rotation we may chose

IW=B(1—c™) e ¥  B=(1-c?)c. (40
The steepness parameter d describes the variation from constant
rotation. This leads to a field rotation

1

o (@1)

1
QL(W) = 49 B2V —
The jet radius is by definition at ¥ = 1, and from Eq. (18) it
follows Tje, = av/e? — 1. Since Qp(¥(x = 1)) = 1, we calculate
for the flux distribution parameter

1 1/(1+2 /b)
a? = (4gb2B2> - 1)

Again, d = 0 gives the result derived by ACb. Otherwise, a and
also wje is decreased for fixed g and b.
The expression for the coupling constant is

-1
(42)

A b 142 /b)
g= (A —e e 1+ . 43)
b xjel
The angular velocity of the outermost flux surface is
| 1 1/(142 /b)
RT=1=1+ 4gb2326*2 - <4gb232> (44)

The interrelation of the parameters g, b, d and zj is similar
to Fig. 4. However, the parameter d has to be chosen such that
Ql%(xjet) = 0, and g(b; d, je) lies within the limiting curves of
Qp(1) =1 and Qg(1) = 0 in Fig. 4.

4. Conclusions

In this paper the asymptotic force-balance across collimated
magnetic flux surfaces was investigated. Relativistic effects due
to rapid rotation of the field as well as differential rotation was
included in the treatment.

The related astrophysical scenario is that of a highly colli-
mated magnetic jet originating in an accretion disk, as observed
in active galactic nuclei, galactic high energy sources with su-
perluminal jets, and also protostellar jets with non-relativistic
jet motion.

We presented numerical solutions of the asymptotic jet equi-
librium for different assumptions of the field rotation. For a
general assumption for the asymptotic field distribution we also
derived an analytical solution.

The main results are the following
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— Differential rotation always leads to a decrease of the jet
radius in terms of the asymptotic light cylinder radius.

— This effect can be balanced by an increase of the poloidal
current.

— The inner structure of the jets remains more or less un-
changed, the outer part becomes ’compressed’ by differen-
tial rotation.

— Jet expansion rates could be estimated under the assumption
of a certain rotation law for the foot points of the field (e.g.
Keplerian).

— A general analytical solution was derived for the asymptotic
flux distribution together with the rotation law of the field
lines and the current distribution.

Depending on the steepness of the rotation law, the ratio in
the jet radius between jets with and without differential rotation
can be of the order of two. We also showed that differential
rotation plays a role only for jets with low poloidal current and
a broad field distribution.

In order to maintain jets with the same jet radius, but with a
different gradient of field rotation, the strength of the poloidal
current must be increased. In this sense, differential rotation may
be considered as collimating effect and poloidal currents as de-
collimating effect. However, compared to the rigid rotating field
distribution, the minimum poloidal current required is decreased
by a factor, which depends on the rotation rate of the outermost
flux surface.

While within the asymptotic one-dimensional limit jets with
arbitrary radius could be obtained, there are indications that 2D
solutions of the relativistic GSS equation (but without differ-
ential rotation) only exist for asymptotic jet radii of the order
of several light cylinder radii (Fendt et al 1995, Fendt 1996).
It was impossible to obtain numerical solutions with jet radii
larger than ~ 5 light cylinder radii. This result was not caused
by numerical effects. The results of the present paper indicate
that the jet radii are even smaller.

A central question is therefore the scaling of light cylinder
radius in terms of stellar (or black hole) radii. This, however,
could only be inferred from a two-dimensional solution of the
trans-field equation. We believe that inclusion of inertial effects
would possibly widen the jet. However, one should keep in mind
that in the case of self-similar jets Contopoulos & Lovelace
(1994) and Ferreira (1997) have shown that centrifugal forces
could be balanced by magnetic tension leading to arecollimation
of the jet.

A critical point of the present investigation is that the in-
teraction between the jet boundary and the ambient medium is
not included in the force-balance. Hence, the question whether
the jet is self-collimated or pressure collimated by the ambient
medium cannot be answered. However, if we take a certain jet
radius as given (by e.g. observational arguments), the results of
this paper give examples of the local force-free force-balance of
a jet with such a radius. In this picture the field pressure at the
jet boundary must be balanced by the external pressure. Smaller
or larger jet radii would change the jet parameters accordingly.

By comparing the field rotation near the foot points of the
field lines (near a ’disk’) and in the asymptotic regime, we were
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able to give some estimates on the expansion rate of the jets.
Protostellar jets seem to have high expansion rates of the order
of 1000, but these values are biased by the force-free assumption
for the force-balance. Expansion rates of AGN jets are lower,
a typical value might be 10. It can be said that high-mass fast-
rotating AGN jet expansion rates are expected to be higher than
those from low-mass slow rotating ones.
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Appendix A: another analytical solution with degenerate
light cylinder

Here we give the analytical expression for the field pressure
and flux distribution for a solution with Qg(x) = (1/x) and a
bounded current distribution (22) with n = 2,

2
@=9 4 (x/a)

167 a? (1 +(x/a)2)3 ’

2
)

The field rotation law can be expressed by an implicit equation

1+\/1+(an)2>_ 1 >

allg 1+ (G,QF)Z

V() _

V/2ga?

Suppose that we have Keplerian rotation of the foot points along
the disk, Qr = Qx = /G M /c2Ryx3/2, it follows for the disk

flux distribution
3/2 2~
x 1+ 1+ “ 3(1
a\/ a T

23
23 +a2a )’

where @ = (Rs/2Rp). For the ’total expansion rate’
(x  w=1/p w=1) Of the jet we derive an implicit equation
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Abstract. We investigate the axisymmetric structure of collimating, relativistic, strongly magnetized (force-free)
jets. In particular, we include the differential rotation of the foot points of the field lines in our treatment.
The magnetic flux distribution is determined by the solution of the Grad-Shafranov equation and the regularity
condition along the light surface. With differential rotation, i.e. the variation of the iso-rotation parameter Qr, the
shape of the light surface is not known a priori and must be calculated in an iterative way. For the first time, we have
calculated the force-free magnetic structure of truly two-dimensional, relativistic jets, anchored in a differentially
rotating disk. Such an approach allows for a direct connection between parameters of the central source (mass,
rotation) and the extension of the radio jet. In particular, this can provide a direct scaling of the location of the
asymptotic jet light cylinder in terms of the central mass and the accretion disk magnetic flux distribution. We
demonstrate that differentially rotating jets must be collimated to a smaller radius in terms of the light cylinder if
compared to jets with rigid rotation. Also, the opening angle is smaller. Further we present an analytical estimate
for the jet opening angle along the asymptotic branches of the light surface. In general, differential rotation of
the iso-rotation parameter leads to an increase of the jet opening angle. Our results are applicable for highly
magnetized, highly collimated, relativistic jets from active galactic nuclei and Galactic superluminal jet sources.
Comparison to the M 87 jet shows agreement in the collimation distance. We derive a light cylinder radius of the
M 87 jet of 50 Schwarzschild radii.

Key words. accretion, accretion disks — MHD — methods: numerical — ISM: jets and outflows — galaxies: individual:

M 87 — galaxies: jets

1. Formation of magnetic jets

Observations of astrophysical jet sources have now estab-
lished the idea that jet formation is always connected
to the presence of an accretion disk and strong mag-
netic fields. This holds for various scales of energy out-
put, jet velocity and nature of the jet emitting objects.
Examples are jets from active galactic nuclei (AGN),
Galactic superluminal jet sources, the example of a mildly
relativistic jet from a neutron star (SS 433) and the nu-
merous class of protostellar jets (see Zensus et al. 1995;
Mirabel & Rodriguez 1995; Mundt et al. 1990; Ray et al.
1996). Magnetic jets are believed to originate very close
to the central object in the interaction region with the
accretion disk. Beside observational arguments also the-
oretical considerations have shown that magnetic fields
play an important role in jet formation and propaga-
tion (Blandford & Payne 1982; Pudritz & Norman 1983;

Send offprint requests to: C. Fendt

Shibata & Uchida 1985; Sakurai 1985; Camenzind 1987;
Lovelace et al. 1991).

If the central object is a black hole as it is the case
for AGN and Galactic superluminal jet sources, the sur-
rounding accretion disk is the only possible location for
a field generation (by dynamo action or/and advection
of flux). In the case of stellar objects (protostars, white
dwarfs or neutron stars), the central star also carries a
relatively strong magnetic field and it is not yet clear,
whether the jet magnetosphere originates in the disk or
in the star. However, a strong interaction between stel-
lar field and accretion flow is evident. The jet formation
process itself is not yet fully understood theoretically. In
particular, for the mass transfer from the disk into the jet
and the process of magnetic field generation a complete
physical model is missing.

However, over the last decades the basic ideas of
Blandford & Payne (1982) have been extended by vari-
ous authors. The general picture is the following. Matter
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is lifted from the disk into the magnetosphere and be-
comes magnetically accelerated (Ferreira 1997). Toroidal
magnetic fields, generated by inertial back-reaction of the
plasma on the poloidal field, may collimate the disk mag-
netosphere into a highly collimated jet flow (Camenzind
1987; Chiueh et al. 1991; Lovelace et al. 1991). In general,
due to the complexity of the MHD equations, stationary
relativistic models of magnetic jets has to rely on sim-
plifying assumptions such as self-similarity (Contopoulos
1994, 1995), some other prescription of the field structure
(Li 1993; Beskin 1997) or the restriction to asymptotic
regimes (Chiueh et al. 1991; Appl & Camenzind 1993;
Nitta 1994, 1995). For highly magnetized jets the force-
free limit applies. This allows for a truly two-dimensional
calculation of the magnetic field structure (Fendt et al.
1995; Fendt 1997a). Relativistic magnetohydrodynamics
implies that poloidal electric fields, which are not present
in Newtonian MHD, cannot be neglected anymore.

From the observations we know that extragalactic jets
as well as Galactic superluminal jets and protostellar
jets are collimated almost to a cylindrical shape (Zensus
et al. 1995; Ray et al. 1996; Mirabel & Rodriguez 1995).
Theoretically, it has been shown that current carrying rel-
ativistic jets must collimate to a cylinder (Chiueh et al.
1991). For the asymptotic limit of a cylindrically colli-
mated magnetic relativistic jet, Appl & Camenzind (1993)
found a non-linear analytical solution for the trans-field
force-balance in the case of a constant iso-rotation param-
eter. These results were further generalized for jets with
differential rotation (Fendt 1997b). Such an asymptotic
field distribution is especially interesting for jets emerging
from (differentially rotating) accretion disks.

In previous papers, we applied the asymptotic jet
model of Appl & Camenzind (1993) as a boundary condi-
tion for the calculation of global, two-dimensional, force-
free jet magnetospheres for rapidly rotating stars (Fendt
et al. 1995) or rapidly rotating black holes (Fendt 1997a).
In this paper, we continue our work on 2D force-free jet
magnetospheres applying an asymptotic jet with differen-
tial rotation of the iso-rotation parameter Qr as boundary
condition for the global jet structure. Such an approach
allows for a connection between the differentially rotat-
ing jet source — the accretion disk — and the asymptotic
collimated jet. Since jet motion seems intrinsically con-
nected to the accretion disk, differential rotation of the
field lines should be a natural ingredient for any magnetic
jet structure. As a principal problem for differentially ro-
tating relativistic jet magnetospheres, position and shape
of the singular light surface are not known a priori, but
have to be calculated in an iterative way together with the
magnetic flux distribution.

In Sect. 2 we recall some basic equations of the theory
of relativistic magnetospheres and discuss several difficul-
ties with the solution of the Grad-Shafranov (hereafter
GS) equation. After some comments on the numerical ap-
proach in Sect. 3, we discuss our results in Sect. 4. A
summary is given in Sect. 5.

: Relativistic magnetic jets

2. Structure of magnetic jets

Throughout the paper we apply the following basic as-
sumptions: azisymmetry, stationarity and ideal MHD. We
use cylindrical coordinates (R, ¢, Z) or (x, ¢, z) if normal-
ized. The term “asymptotic” always denotes the limit of
Z > R unless explicitly stated otherwise. We consider jets
with a finite radius, R < oo for Z — oc.

2.1. The force—free, cross—field force—balance

With the assumption of axisymmetry, a magnetic flux
function can be defined

W:i/Bp'dA,
2

measuring the magnetic flux through a surface element
with radius R and, in a similar way, the poloidal current
through the same area

RBp =VV Ney, (1)

I:/jp-dA:—gRB¢, 2)
which, in the force-free case, flows parallel to the flux sur-
faces, I = I(W).

The structure of the magnetic flux surfaces is de-
termined by the toroidal component of Ampere’s law,
V x Bp = 4mje/c, where the toroidal electric current
density has to be calculated from the equation of motion
projected perpendicular to the flux surfaces (Camenzind
1987; Fendt et al. 1995). For strong magnetic fields, in-
ertial forces of the matter can be neglected. This is the
force-free limit and the equation of motion reduces to
0 =cpc. E + 3 x B with the charge density p..

Combining Ampere’s law and the force-free equation
of motion the cross-field force-balance can be written as
the modified relativistic GS equation,

RY. <1—(RQF(W)/C)QVW> _ A1l

2R2 (12( W))

- RIVEPS (93(0)),

/

= 3)

d_

derivative 15

where the primes denote the
Camenzind 1987; Okamoto 1992).
Qr is conserved along the flux surfaces, Qp = Qp(?).
We will call it the iso-rotation parameter, defined by
Ferraro’s law of iso-rotation. It can be understood as the
angular velocity of the plasma, reduced by the slide along
the field lines. Sometimes, it is called the angular veloc-
ity of the field lines. Both, the current distribution I(¥)
and the rotation law Qp (%) determine the source term for
the GS equation and govern the structure of the magne-
tosphere. We apply the following normalization,

(see

R, 7 < xRy, z Ry,
Qr & Qr(c¢/Ryp),
UV o U V.,
I & Ilax.
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As the length scale for the GS Eq. (3) the asymptotic
radius Ry of the light surface is selected (see below). In
order to allow for a direct comparison to rigidly rotating
magnetospheres, the normalization was chosen such that
Qr =1 at = 1. With the chosen normalization, Eq. (3)
can be written dimensionless,

oV (MW)

72 == lg(ﬂ(&”))'

— aVEP L (©R(9) . (@)

g is a coupling constant describing the strength of the
current term in the GS equation,

—4 Imax > RO > Wmax -2
1018A 1016¢m 1033 Gem?

where the parameters are chosen for extragalactic jets.
In this paper, g is in accordance with the definition in
Fendt et al. (1995) and differs from the definition in Appl
& Camenzind (1993) by a factor of two, grendt = 2 gac!.
Interestingly, a coupling constant, defined in a similar way
also for the differential rotation term, would be equal to
unity. The GS equation is numerically solved applying the
method of finite elements (see Appendix).

Along the light surface, where D =1 — 22Q%(¥) =0,
the GS equation reduces to the regularity condition,

VV¥.VD = fg% (1(9)?) - %IV 7|2 (In (Qr(¥)?))

T2 p2
c !pmax

!/

, (9)

which is equivalent to a Neumann boundary condition.
However, for differentially rotating magnetospheres with
Qr = Qp(¥) the shape of this surface is not known a pri-
ori and has to be calculated in an iterative way together
with the two-dimensional solution of the GS equation. For
constant Qp the light surface is of cylindrical shape. As we
have shown in a previous publication (Fendt et al. 1995),
our finite element code satisfies the regularity condition
automatically, since the surface integral along the light
surface vanishes.

2.2. Discussion of the force-free assumption

It is clear that relativistic jets must be highly magne-
tized. Only a high plasma magnetization gives jet ve-
locities close to the speed of light (Fendt & Camenzind
1996). Therefore, for the calculation of field structure the
force-free limit seems to be reasonable. However, one may
question the assumption of a force-free asymptotic jet. In
a fully self-consistent picture of magnetic jet formation,
the asymptotic jet is located beyond the collimating, non
force-free wind region and beyond the fast magnetosonic

! Due to the fact that the jet radius (where ¥ = 1) is not
known before the asymptotic GS equation has been solved
(Fendt 1997b), the normalization with g leads to a current
distribution I(¥) which is not normalized to unity. This dif-
ference in normalization is “hidden” in the coupling constant
g, which could, in principal, be re-scaled appropriately.
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surface. The asymptotic jet parameters are determined by
the wind motion. Thus, poloidal current and iso-rotation
parameter of the field are not functions free of choice. The
force-free region of a jet is located close to its origin, where
the speed is low. Beyond the Alfvén surface plasma kinetic
energy dominates the magnetic energy, which is just the
contrary to force-freeness.

For small plasma density, the Alfvén surface of the
wind flow approaches the light surface. In this case the
fast magnetosonic surface moves to infinity for a conical
flow. Okamoto (1999) argues that a force-free field dis-
tribution extending to infinity in both x and z direction
will asymptotically be of conical shape, i.e. un-collimated.
However, his approach differs from ours in the sense that
he assumes that all field lines will cross the light cylinder.
Such an assumption per se prohibits any collimation. On
the other hand, perfect jet collimation is an observational
fact. Astrophysical jets (of very different energy scales)
appear collimated to cylinders of finite radius.

In general, the non force-free relativistic GS equation
shows three inertial contributions,

V. B2
81

B? V.r B2Q
e () B A

V. B2

— (1 — M2 _ 2202
0=—k(1-M—2°QF) + Fy

(1- :EZQ%«)

where V| indicates the gradient perpendicular to ¥, k =
kB2 /4w = n-(Bp-V)Bp /4 the poloidal field curvature,
p the mass density, u, the toroidal velocity, P the gas
pressure and M the Alfvén Mach number (Chiueh et al.
1991). One can show that in the asymptotic, cylindrical
jet the contribution of inertial terms in the force-balance
across the field is weak. The contribution of gas pressure
is usually negligible in astrophysical jets. Also, the cen-
trifugal force does not play a role for radii larger than
the Alfvén radius, since outside the Alfvén surface (where
M? =1 — 22Q2) the plasma moves with constant angu-
lar momentum. The curvature term vanishes in cylindrical
geometry. Therefore, since for cylindrical jets the contribu-
tion from inertial terms is weak, the configuration is com-
parable to the force-free case. The source term of the GS
equation may be reduced to a form similar to the common
force-free limit. We suggest the phrase “quasi force-free”
for such a configuration because the GS equation looks
force-free even if the physical system is not magnetically
dominated.

In the force-free limit of a highly magnetized plasma
the previous arguments also apply. However, in difference
to the asymptotic regime considered above, the low plasma
density implies that inertial terms are weak over the whole
two-dimensional jet region. The centrifugal term pug is
weak even if the Alfvén surface now comes close to the
light surface. Numerical calculations of the plasma motion
along the field have shown that, for a high magnetization,
the Alfvén Mach number M grows almost linearly with
radius but remains relatively low (Fendt & Camenzind
1996). Thus, the inertial curvature term should not play a
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dominant role. Contopoulos & Lovelace (1994) find from
self-similar solutions that centrifugal forces are dominated
by magnetic forces leading to a re-collimation of the out-
flow.

In summary, our discussion of the inertial terms in the
force-balance equation has shown that these terms are
generally weak in the case of a high magnetization. We
therefore think that for the calculation of the magnetic
field structure in relativistic jets the force-free assump-
tion is acceptable. The main motivation of the force-free
assumption is clearly the reason of simplification. There is
yet no other way to calculate a truly two-dimensional field
distribution for relativistic jets. Naturally, with a force-
free solution, nothing can be said about the flow acceler-
ation itself.

2.3. Location of the asymptotic light cylinder

The radius of the asymptotic light cylinder Ry is the nat-
ural length-scale for the GS solution. A scaling of the GS
solution in terms of the properties of the central object
(e.g. its mass) relies on the proper connection between
the asymptotic jet and the accretion disk. This is feasi-
ble only if differential rotation Qp(¥) is included in the
treatment (see Sect. 3).

In the following we consider the location of the light
surface and its relation to the relativistic character of the
magnetosphere from a general point of view. The light
cylinder of a flux surface ¥ is defined as a cylinder with
radius R = Ry(¥) = ¢/Qp(¥). At this position the GS
equation becomes singular. However, this light cylinder is
only important for the field line if the field line actually
intersects it as for ¥t in Fig. 1. Only then, relativistic ef-
fects become dominant. For example, the poloidal electric
field scales with the radius in units of the light cylinder
radius, Ep = (R/Ry)Bp. On the other hand, in the case
of ¥, in Fig. 1, the asymptotic radius of the flux surface is
smaller than its light cylinder radius Ry, (¥i,) (located be-
tween Wi, and %), therefore relativistic effects are small.
For jet solutions with rigid rotation Qp all flux surfaces
have the same light cylinder radius. Thus, the singular
light surface of the magnetosphere is a cylinder. For jet
solutions with differential rotation Qp the flux surfaces
have different light cylinder radii. The singular surface of
the magnetosphere is not a cylinder anymore.

It is now interesting to note that the case of differential
rotation Qg (¥) allows for a hypothetical field distribution
where (i) the light radius of most of the flux surfaces is lo-
cated within the jet radius, but where also (ii) the asymp-
totic radius of the flux surfaces is always smaller than
their light radius. Such a field distribution would not have
a singular light surface and could be considered as “non
relativistic”, even if the hypothetical light radii of many
field lines are inside the jet radius. Such a situation is not
possible if the magnetosphere is constrained by a constant
rotation Q. This underlines the importance of the treat-
ment of differential rotation for jets from accretion disks.
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Fig. 1. Sketch of the jet model. Axisymmetric jet magnetic
flux surfaces ¥ projected into the meridional plane. The cen-
tral object, located within the inner boundary (solid disk), is
surrounded by an accretion disk. Helical magnetic field lines
(laying on the flux surfaces) are anchored in the differentially
rotating disk at the foot points Rp(¥). The jet boundary is de-
fined by the flux surface ¥ = 1. The upper boundary condition
is a cylindrically collimated jet solution (Fendt 1997b). The ar-
row indicates the numerical deformation of the initially vertical
boundary of the inner solution (at £ = 1) into the curved light
surface. The flux surfaces ¥in (¥out) have an asymptotic ra-
dius smaller (larger) than the asymptotic light cylinder Ro,
which is the asymptotic branch of the light surface Ry (¥) for
large z. The flux surface ¥y coincides with the light surface
asymptotically. The jet half opening angle is « (see Sect. 2.4,
Fig. 2)

A relativistic description for the jet magnetosphere is
always required if the jet contains a flux surface for which
the light radius is smaller than the asymptotic radius.

2.4. The regularity condition and the jet opening angle

The regularity condition (5) is the natural boundary con-
dition along the light surface. Although it is impossible to
solve Eq. (5) explicitly, a general relation concerning the
jet opening angle can be derived. First, we rewrite Eq. (5)
as

IRV A TR

where Qp(¥) = 1/2,(¥) = Ro/RL(¥) has been applied.
From Eq. (6) it follows for the radial field component B2 =
—g(I%(®))'/(1/Q2(W)Y, if ¥ intersects the light surface
with vanishing B.. On the other hand, considering a field
line perpendicular to the light surface, V¥ 1 VD, this
provides a condition for the axial field component,

B [ 1

B, = g(ﬂ)' === <Q—%)I (7)
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Fig. 2. Jet half opening angle a(% = 1) for the analytical
asymptotic jet solution and along the asymptotic branch of
the light surface in z-direction (see Eq. (8)). Coupling constant
g = 0.1 a) and g = 2 b). Asymptotic magnetic flux distribution
parameter (Eq. (9)) b = 0.5 (solid), b = 1 (dotted), b = 2
(short-dashed), b = 5 (long-dashed)

Interestingly, this is either only a function of the current
distribution I(¥) or depends only from the specification of
the rotation law Qp(¥). Further, in this case it is always
B, > 0, since (1/Q2) = (22)" > 0. In particular, for
the asymptotic (z — o) part of the magnetosphere, this
implies that only collimating field lines can cross the light
surface.

Now we consider the asymptotic branches of the light
surface. For the asymptotic branch in z-direction it holds
(VD). > (VD), ~ 0. Further, it is B,(InQ%)" = 0, im-
plying either a collimated field structure, B, = 0 or rigid
rotation, (Qr(¥))’ = 0. From this we conclude that in the
asymptotic regime of a cylindrical light surface, also the
flux surfaces along this light cylinder must be of cylindri-
cal shape. Collimation must occur in the non-asymptotic
region of the jet.

If we now assume that there exists an asymptotic part
of the light surface in z-direction (where x > z) and that
(VD), > (VD), ~ 0, we derive an equation for the half
jet opening angle,

o(#) = tan-) ( \/1 . 19(1?(@)/(9%(@))') |
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for the flux surfaces in this region. As a general example we
apply the analytical solution obtained for the asymptotic
jet (Fendt 1997Db),

v = i (14 (2)). v=m (e ().
) = & (T - ) v @

for Eq. (9). Here, b is a measure for the ratio of jet radius
to jet core radius a. Finally, we obtain the half opening
angle for the outermost flux surface ¥ =1,

b—1\° 2
a=tan"' [ |1+ Rq (41{Q (e ) +ebg/1> ,(10)

beb

where Rq, is defined as (Qr (1))’ /Qr(1). Note, that Eq. (10)
is only valid in the limit of (VD), ~ 0. Figure 2 shows
the variation of the opening angle o with the parameters a
and b for two choices of the strength of the poloidal electric
current. In general, jets with a strong differential rotation
Qp(¥) (ie. large Rg) have a larger opening angle. Also,
jets with a large ratio of jet to core radius have a smaller
opening angle. Therefore, jets originating in a small part
of the accretion disk, equivalent to small value of Rq, will
be collimated to a smaller opening angle. It is interesting
to note that, in the case of a rigid rotation, the limiting
half opening angle is 45°, independently of g and b.

3. The jet-disk connection, providing the true
length scale of the GS solution

The natural length scale of the relativistic GS Eq. (3) is
the asymptotic light cylinder Ry (see Sect.2.3). Its size is
related to the iso-rotation parameter Qp (%), which itself
is connected to the angular rotation of the foot points of
the field lines. Concerning the GS equation, the size of
Ry follows purely from electro-magnetic quantities, if the
coupling constant g is chosen. The GS solution can be
scaled to any central object from stars to galactic nuclei
as long as the interrelation of the parameters Wi ax, Imax
and Ry provides the same ¢g. So far, no connection has
been made to the type of central object. Here, we treat
the question where the asymptotic light cylinder is located
in physical units.

In the case of rigid rotation, the light cylinder radius
is usually estimated by choosing a distinct radial distance
from the central object and defining Qr under the assump-
tion that the jet magnetosphere is anchored in that point.
If the central object is a black hole, the marginally stable
orbit implies an upper limit for Qp. For jets in AGN this
estimate leads to the common conclusion that the light
cylinder radius is at about 10 Rg and the typical jet ra-
dius at about 100 Ry,. Clearly, such arguments relies on the
assumption that the field line emerging at this very spe-
cial radius defining Qp also extends to the light cylinder
radius Ry, (see Sect.2.3).
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This picture changes, if differential rotation Qg(¥)
is considered. Different flux surfaces anchor at different
foot point radii and have different light radii (Sect.2.3).
Assuming a Keplerian rotation, the light surface radius
Ry, (¥) is located at

RL(¥) =4 10" cm (R%(f))g/z(ﬁ) : (11)

where Rg is the Schwarzschild radius of a point mass and
Rp(7) the foot point of the flux surface ¥ on a Keplerian
disk. A more general equation is

BUP) _ 5 (RM))‘”’”.
Rg Rg

Rp(7) is determined from the magnetic flux distribution
along the disk and is defined by a certain disk model.
Figure 3 shows the location of the light radius Ry, for a
field line anchored at a foot point radius Rp in a Keplerian
disk around a central object of mass M (see Eq. (11)).
Note that the unit of the field line footpoint radius in
Eq. (12) and Fig. 3 is the Schwarzschild radius. Therefore,
Fig. 3 is appropriate only for relativistic jets. The foot-
point radii for protostellar jets are several stellar radii, cor-
responding to about 10 Schwarzschild radii (which would
be located far above the box in Fig. 3).

So far, nothing can be said about the location of the
asymptotic radius of the field lines in general. The es-
sential question is where the asymptotic radius of a flux
surface is located in respect to its light cylinder. This ques-
tion can only be answered by a detailed model considering
the two-dimensional field distribution including differen-
tial rotation Qp(¥). Only in such a model, the flux dis-
tribution of the asymptotic jet can be connected to the
flux distribution of the “star”-disk system. Certainly, both
boundary conditions — asymptotic jet and accretion disk —
rely on model assumptions. However, in a self-consistent
model these boundary conditions have to follow certain
constraints (see Sects. 4.1, 4.3).

(12)

4. The two-dimensional jet solution
4.1. Disk and jet boundary condition

Three important boundary conditions determine the
two-dimensional flux distribution. The first boundary con-
dition is in the asymptotic region. Here we assume a
cylindrically collimated jet. We apply the magnetic flux
distribution derived by Fendt (1997b), where the rigidly
rotating jet model of Appl & Camenzind (1993) is ex-
tended for differential rotation Qg (¥). In particular, our
asymptotic jet shows the typical jet core-envelope struc-
ture of magnetic flux and electric current, i.e. a configu-
ration where most of the magnetic flux and poloidal elec-
tric current is concentrated within a “core” radius. The
asymptotic model provides not only the asymptotic mag-
netic flux boundary condition but also the Qg(¥) and
I(¥) distribution for the whole two-dimensional jet mag-
netosphere. In the model of Fendt (1997b) these functions
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Fig. 3. Location of the light cylinder radius of a flux surface
Ry, (%), anchored at a certain foot point radius Rp(¥) in units
of the Schwarzschild radius Rs in a Keplerian disk around a
point mass M. Note that for non collapsed stellar objects the
footpoint radii of the jet field lines are located at about 10° Rs

follow from the solution of the one-dimensional (asymp-
totic) GS equation across the cylindrical jet and the pre-
scription of I(z) = (x/a)?/(1 + (z/a)?) together with
Q2 (x) = e"~"* where a is the core radius of the elec-
tric current distribution and h governs the steepness of
the Qp-profile?.

The second boundary condition is the magnetic flux
distribution along the disk. This distribution is in general
not known as a solution of the full MHD disk equations.
Typical models rely on various simplifying assumptions,
as e.g. stationarity, the distribution of magnetic resistiv-
ity or the disk turbulence governing a dynamo process. We
apply an analytic flux distribution similar to the model of
Khanna & Camenzind (1992), who calculated the station-
ary accretion disk magnetic field structure around a super
massive black hole. The typical behavior of the magnetic
flux distribution is (i) a slight increase of magnetic flux
along the innermost disk, (ii) a small or vanishing flux at
the inner disk radius, (iii) a strong increase of magnetic
flux at intermediate radius (the core radius) and (iv) a sat-
urating behavior for large radii. Using the normalization
introduced above, we choose the following disk boundary
magnetic flux distribution,

1 T — 2\’
Wdisk(x) = Zln (1 + ( z 1n> )

with b = In(1+ (aisk — Tin)2/a2)) (see Fig. 4). The param-
eters are: the core radius a, the disk outer radius, z4;sx and
the disk inner radius, x;,. For simplicity, we choose xj, ~ 0
without loss of generality. Such a choice will definitely not
influence the global jet solution which is normalized to the
asymptotic light cylinder radius.

(13)

2 For figures of these functions and the related ¥(x), Qp(¥)
and I(¥) distribution, we refer to Fendt (1997).
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Fig. 4. Magnetic flux distribution along the disk Wqisk(x) as
defined in Eq.(13). Parameters: xin = 0, zaisk/a = 100,
40,15, 7, 4, 2, 1, 0.01

The third boundary condition is the jet boundary
Tjet (2). Along this boundary the flux distributionis ¥ =1
by definition. However, the shape of this boundary is not
known a priori. It must be determined by the regularity of
the solution across the light surface (see also Fendt et al.
1995). A slightly different shape may give the same solu-
tion. However, the main features of the solution as opening
angle or locus of the collimation are fixed by the internal
equilibrium. Therefore, the regularity condition governs
the shape of the jet boundary. For a given I(¥), Qp(¥),
disk and jet boundary condition, the jet radius zje(2) is
uniquely determined.

The inner spherical grid boundary with radius z, close
to the origin, indicates the regime of the central source,
possibly enclosing a collapsed object. Neutron stars or
magnetic white dwarfs may carry their own magnetic field,
a black hole can only be threaded by the disk magnetic
field. In any case, the magnetic flux distribution is a com-
bination of “central” magnetic flux and disk magnetic flux
U = U, + Wqisk. For simplicity we assume that the mag-
netic flux increases monotonically from the axis to the disk
edge and ¥(z,) = ¥, (x,) and Pgise(as) = 0.

4.2. The two-dimensional collimating magnetic field
structure

Results of numerical solutions of the GS equation are pre-
sented in Fig. 5. Shown is the two-dimensional structure of
the magnetic flux surfaces as projection of the helical field
lines onto the meridional plane. In general, for a choice
of the “free functions” I(¥) and Qp(¥), here taken from
the asymptotic cylindrical jet solution, the field structure
is determined by the boundary conditions and the regu-
larity condition along the light surface.

We calculated two solutions with a different choice for
the steepness parameter in the iso-rotation Q. The first
solution is for h = 0.2 (Fig. 5, left). This is more close
to the case of rigid rotation. Indeed the solution look
rather similar to the solutions presented in Fendt et al.
(1995). The second solution is for h = 0.5 (Fig. 5, right).
The steeper profile for the rotation law implies a smaller
asymptotic jet radius (Fendt 1997b). This can be seen
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in comparison with the rigid rotation solutions (Fendt
et al. 1995). However, a larger poloidal electric current
can balance the effect of differential rotation. Therefore,
the h = 0.2 solution (with g = 2.5) collimates to a smaller
asymptotic jet radius than the h = 0.5 solution (with
g = 2.0). A h = 0.2 solution with g = 2.0 would have
a jet radius of 2.4. The second solution with the steeper
profile of the rotation law Qp(¥) would better fit to a
Keplerian disk rotation. A perfect match would require
an even steeper Qp(¥)-profile (see below).

The mean half opening angle of the jet magnetospheres
is about 60°. As discussed above, the shape of the outer-
most flux surface (¥ = 1) is not prescribed but is a result
of our calculation eventually determined by the regularity
condition. After crossing the light surface the jets colli-
mate to their asymptotic radius within a distance from
the source of about 1-2 Ry along the jet axis. The open-
ing angle of the second solution is smaller, however, the jet
collimation is achieved only at a larger distance from the
central source. In our examples, the “jet expansion rate”,
which we define as the ratio of the asymptotic jet radius
to the foot point jet radius (the “disk radius”), is about
10. The true scaling of the jet magnetosphere in terms of
the size of the central object can be determined by con-
necting the jet iso-rotation parameter Qp(¥) to the disk
rotation (see next section).

We note that, although in our computations the jet
boundary xjc(2) is determined by the force-balance within
the jet, and therefore subject to the regularity condition,
with our results we do not prove the magnetohydrody-
namic self-collimation process of the jet flow. Clearly, the
calculated jet magnetosphere is self-collimated in the sense
that its structure has been determined only by the inter-
nal properties. However, the actual collimation process of
the jet flow from an un-collimated conical outflow into
a cylinder could only be investigated by time-dependent
simulations taking into account the interaction with the
ambient medium.

On the other hand, we can assume that our jet solution
is embedded in an ambient medium. If we further assume
an equilibrium between the internal pressure (magneti-
cally dominated) and external (gas) pressure along the jet
boundary, we may derive the gas pressure distribution in
the ambient medium, since we know the magnetic pres-
sure distribution along the collimating jet radius. In this
case, the jet solution may be considered as collimated by
ambient pressure.

To our understanding one may claim a self-collimation
only, if the jet flow collimates independently from exter-
nal forces. Since in our treatment we do not consider the
interrelation with the medium outside the jet, we cannot
decide whether the flow is self-collimated or pressure col-
limated.

The field structure is governed by the choice of the
functions I(¥) and Qp(¥), here taken from an asymp-
totic jet solution. In combination with the disk magnetic
flux distribution (13) we can determine two parameters
interesting for the jet-disk interaction. These are (i) the
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magnetic angular momentum loss per unit time and unit
radius from disk into the jet and (ii) the toroidal mag-
netic field distribution along the disk. With I(¥) as the
angular momentum flux per unit time per unit flux tube,
the (normalized) angular momentum flux per unit time
per unit radius is d.J/dz —xB,I(x) along the disk.
Figure 6 shows the behavior of both quantities for our
jet model with the steeper profile of the rotation law,
h = 0.5. As we see, most of the magnetic angular momen-
tum is lost in the outer parts of the disk. This may have
interesting applications for accretion disk models taking
into account a magnetized wind as a boundary condition.
The total magnetic angular momentum loss is determined
by the normalization, J = —(Imax Ymax/) fI(W)dW or
J = —(9¥max/2Ro) [ I(¥)d¥. The magnetic toroidal
field distribution along the disk has a maximum at about
half the disk radius.

Clearly, these parameters are biased by the magnetic
flux disk boundary condition (13) of our model. However,
we believe that the main features are rather general and
valid for any poloidal current and magnetic flux distribu-
tion with the typical core-envelope structure.

4.3. Scaling relations of disk and jet

As discussed above, the two-dimensional magnetic field
distribution connecting the asymptotic jet region with the
lower disk boundary allows for a direct scaling of the jet
in terms of the size of the central object. This is simply
based on the assumption that the foot points of the field
lines are rotating with Keplerian speed, Qr = Qk and to
the fact that in ideal MHD the iso-rotation parameter Qg

n = 0,...,25. Note that due to the choice of contour levels the iso-contour density does not mirror the
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Fig. 6. Magnetic angular momentum loss per time unit per
unit radius dJ/dz at radius 2 (above) and disk toroidal field
distribution Bg(z) (below) for the jet solution with h = 0.5
shown in Fig. 5

is conserved along the field lines. It is therefore possible
to construct a self-consistent model of the whole “star”-
disk-jet system with only a small set of free parameters.
In the following we will motivate such a model.
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The first example demonstrates how the connection
between the asymptotic jet and the disk, applied for our
very special model assumption, provides a specific esti-
mate for the asymptotic light cylinder Ry. Normalizing the
Keplerian velocity Qk in the same way as Qp (Sect. 2.1),
we obtain the expression

GM 1
FRo = CQQ%(E a

GM/c? B 0.5Rg
Q%(W = l)xgisk Q%(W = 1)$c311sk

(14)

Iso-rotation parameter Qp(¥) and disk radius zqis, are
fixed by our model. Therefore, the asymptotic light cylin-
der is proportional to the mass of the central object. For
Q2(1) = 0.54 (which refers to the h = 0.5 model) and
Zaisk = 0.2 the asymptotic light cylinder is Ry = 116 Rg,
which is about 2 times larger compared to the jet solu-
tion with a rigid rotation r = 1 and will increase for
larger values of h. With the choice of g, the value of Ry
constraints the maximum poloidal magnetic flux and elec-
tric current. Here, no assumption is made about the flux
distribution along the disk.

In the second example we determine the disk mag-
netic flux distribution ¥(z) combining the asymptotic
jet rotation law Qp(¥) with a Keplerian disk rota-
tion Qk(x). From Eq. (14) follows that Qp(¥)/Qr(1) =
Qk(z)/Qr (T =1) = (x/xdisk)_?’/Q. In combination with
the numerically derived Qg (%) this gives the ¥(z) along
the disk (Fig. 7). The figure shows that the disk flux distri-
bution derived from the asymptotic jet is distributed only
over the outer part of the disk. This can be interpreted in
two ways. First it may imply a relatively large inner disk
radius and, hence, an asymptotic jet radius small in terms
of radii of the central object. Secondly, it just underlines
the fact that in our model the distribution of the asymp-
totic jet iso-rotation parameter is too flat in order to be
truly connected to a disk magnetic flux with an extended
radial distribution. For a model taking into account the
disk Keplerian rotation in a fully self-consistent way, the
magnetic flux distribution which has to be used as disk
boundary condition for the GS solution is the one derived
in Fig. 7.

On the other hand, the assumption of a Keplerian
disk rotation together with a certain disk mag-
netic flux distribution provides an expression for
the iso-rotation parameter Qp(¥) = Qg(x(V¥)) =

. —3/2
(GM/Ryc?) (EL2 (eb"’p - 1)) . Here, the disk magnetic
flux distribution (13) has been used. Eventually, one finds

i . _3/4
%I;((!f)) _ (:L'dEiLsk)3/ ((1 n (%) )W _ 1) . (15)

This function is definitely steeper compared to the Qp(¥)-
distributions which have been derived in Fendt (1997b)
and are used in the present paper. Here, we see the limi-
tation of our ansatz. A steeper profile for rotation law is
not yet possible to treat with our code due to the lack of
numerical resolution. The non-linear character of the GS
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Fig. 7. Magnetic flux distribution ¥(z) along the disk sur-
face as determined from the asymptotic jet properties and the
Keplerian rotation of the disk

equation becomes more problematic due to the gradients
in the Qp-source term.

In summary, only a model including differential rota-
tion Qg (¥) may provide a connection between the asymp-
totic jet, the disk magnetic flux distribution and also the
size of the central object. With our model we have pre-
sented a reasonable first solution for a self-consistent treat-
ment.

4.4. Application to the M 87 jet

The jet of M 87 shows superluminal motion clearly indicat-
ing a highly relativistic jet velocity (Biretta et al. 1999).
Recent radio observations have been able to resolve the
innermost region of the M 87 jet formation region with
0.33 x 0.12 mas beam resolution (Junor et al. 1999), cor-
responding to 2.5—7.0 10'® cm. Assuming a central su-
permassive black hole of 3 10° My, (Ford et al. 1994), this
is equivalent to about 30 Rg! The derived jet full opening
angle is 60° up to a distance of 0.04 pc from the source
with a “strong collimation” occurring afterwards (Junor
et al. 1999).

We now apply our two-dimensional jet model to these
observations and compare the geometrical scales. Such
a comparison is not possible for e.g. self-similar models.
From the observed radio profile resolving the inner M 87
jet (see Fig. 1 in Junor et al. 1999), we deduce a jet radius
of about 120 Schwarzschild radii. With this, the first im-
portant conclusion is that the ratio of jet radius to light
cylinder radius must be definitely less than the value of 100
which is usually assumed in the literature. A number value
of 3—10 seems to be much more likely. Numerical mod-
els of two-dimensional general relativistic magnetic jets
fitting in this picture were calculated by Fendt (1997a).
These solutions, however, do not take into account the
differential rotation Qp(¥).

Junor et al. (1999) claim that the M 87 jet radius
in the region “where the jet is first formed cannot be
larger than” their resolution of 30 Rg. Our conclusion
is that the expansion rate is limited in both directions.
The new radio observations give a minimum value of 3.
Theoretical arguments limit the expansion rate to the
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value of about 20, since the jet mass flow must originate
outside the marginally stable orbit which is located at
3—6 Rg. Clearly, if the jet radius is really as small as ob-
served in M 87, general relativistic effects may vary the
field structure in the jet formation region.

From our model solutions, we derive a light cylinder
radius of the M 87 jet of about 50 Rs. The value derived
from Eq. (14) differs from that by a factor of two, but is
biased by the unknown size of the disk radius zgisx. This
parameter, however, does not affect the global solution.
Considering the standard relativistic MHD theory, noth-
ing special is happening at the light cylinder. For a highly
magnetized plasma wind the light surface corresponds to
the usual Alfvén surface which itself does not affect the
flow of matter. Hence, the light cylinder is un-observable.

Also the opening angle in our numerical solution is
larger than the observed value by a factor of two. This
cannot be due to projection effects since any inclination
between jet axis and the line of sight will increase the ob-
served opening angle. We hypothesize that a numerical
model with a steeper profile for the iso-rotation parame-
ter will give a smaller jet opening angle comparable to the
observed data. This is not surprising, since the jet foot-
point anchored in a Keplerian disk rotates faster than in
our model. Nevertheless, comparing the collimation dis-
tance observed in the M 87 jet and assuming a similar
ratio of jet radius to light cylinder radius as in our model
with h = 0.5, we find good agreement. The collimation
distance is 2 Ry.

In summary, we conclude that the example of the M 87
jet gives clear indication that the light cylinder of AGN
jets might not be as large as previously thought. Although
our model does not fit the observed geometrical properties
of the inner M 87 jet perfectly, we find in general a close
compatibility.

5. Conclusions

We have investigated the two-dimensional magnetic field
distribution in collimating, relativistic jets. The structure
of the axisymmetric magnetic flux surfaces is calculated by
solving the relativistic force-free Grad-Shafranov equation
numerically. In relativistic MHD, electric fields become
important in difference to Newtonian MHD. The simpli-
fying assumption of the force-free limit has been applied
as relativistic jets must be highly magnetized.

The central point of our paper is the consideration of
differential rotation of the foot points of the field lines,
i.e. a variation of the iso-rotation parameter Qp(¥). The
underlying model is that of a magnetic jet anchored in an
accretion disk. Two main problems had to be solved in or-
der to calculate a two-dimensional field distribution: a) to
determine the a priori unknown location of the light sur-
face, b) the proper treatment of the regularity condition
along that light surface. The light surface is the force-free
equivalent of the Alfvén surface and provides a singular-
ity in the Grad-Shafranov equation. We summarize our
results as follows.
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(1) We find numerical solutions for the two-
dimensional magnetic flux distribution connecting the
asymptotic cylindrical jet with a differentially rotating
disk. In our example solutions the asymptotic jet radius is
about 2.5 times the asymptotic light cylinder radii. This
is the first truly two-dimensional relativistic solution for
a jet magnetosphere including differential rotation of the
iso-rotation parameter Qg (¥). The physical solution, be-
ing characterized by a smooth transition across the light
surface, is unique for a certain parameter choice for the
rotation law Q.

(2) The half opening angle of the numerical jet solution
is about 60 degrees. Cylindrical collimation is achieved
already after a distance of 1-2 asymptotic light cylinder
radii along the jet axis. Differential rotation decreases the
jet opening angle, but increases the distance from the jet
origin where collimation is achieved. The “jet expansion
rate”, defined as the ratio of the asymptotic jet radius to
the jet radius at the jet origin, is about 10.

(3) From the analytical treatment of the regularity
condition along the asymptotic branches of the light sur-
face we derive a general estimate for the jet opening angle.
We find that the jet half opening angle is larger than 45°
and increases for a steeper profile of the differential rota-
tion Q.

(4) Our two-dimensional ansatz, in combination with
the treatment of differential rotation, allows for a connec-
tion of the asymptotic jet solution with the accretion disk.
Certain disk properties can be deduced from the asymp-
totic jet parameters. Examples are the disk toroidal mag-
netic field distribution, with a maximum at half of the disk
radius and the angular momentum flux per unit time and
unit radius. This is interesting as a boundary condition for
accretion disk models. We find that most of the angular
momentum is lost in the outer part of the disk.

(5) Application of our model to the M 87 jet gives good
agreement qualitatively. From our numerical solution we
derive an asymptotic light cylinder of the M 87 jet of about
50 Schwarzschild radii. Collimation of the jet would be
achieved after a distance of two asymptotic light cylinder
radii from the source. This value is comparable with the
observations, however, the opening angle in our model is
larger by a factor of two.

In summary, we have presented the first global two-
dimensional solutions for a relativistic jet magnetosphere
taking into account differential rotation of the jet foot-
points. From our jet model we may determine certain
physical quantities in the disk that are not possible to ob-
serve, as e.g. the angular momentum flux distribution at
the disk-jet interface. Comparison with the M 87 jet shows
that our model seems to be consistent with the observa-
tions, therefore allowing for a derivation of the collimation
distance, the light cylinder radius and the jet expansion
rate for that example. Clearly, such features as the time-
dependent ejection of knots and the interaction process
between disk, jet and central source cannot be answered
by our approach. Time-dependent relativistic MHD
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simulations of the whole “star”-disk-jet system would be
necessary, however, such codes are not yet fully developed.
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Appendix A: Numerical methods

For the solution of the two-dimensional GS equation we
apply the method of finite elements as developed by
Camenzind (1987) and Fendt et al. (1995). Differential
rotation Qp(¥) implies two major complications for the
numerical computation. The first one is the fact that po-
sition and shape of the light surface D = 0 is not known
a priori. Along the light surface the boundary condition is
the regularity condition, which, however, itself depends on
the two-dimensional solution ¥(z, z). The second problem
is the GS source term for the differential rotation, contain-
ing the gradient of the magnetic flux, |V ¥|2. Compared
to the case of rigid rotation, this introduces another (and
stronger) non-linearity in the GS equation. Therefore, a
fragile numerical convergence process can be expected.

An additional complication is that our grid of finite
elements of second order may be inadequate for a calcu-
lation of monotonous gradients between the elements if
the numerical resolution is too low. However, for appro-
priate numerical parameters as grid size, element size and
iteration step size, we were finally able to overcome these
difficulties.

A.1. Determination of the light surface

Here we discuss the iteration procedure we use to deter-
mine the location of the light surface. Because the rotation
law Qp(¥) is prescribed, the radius where the light sur-
face, D = 0, intersects the jet boundary, ¥ = 1, is known,

o (¥ =1) = 1/Qp(¥ = 1). (A1)

However, the corresponding position in z-direction is not
known. Some estimates can be made about shape and in-
clination of the light surface in the limit of large radii (see
Sect. 2.4), but a general solution is not yet known.

We start the iteration procedure calculating the inner
solution (defined as the field distribution inside the light
surface) with an outer grid boundary at = 1 (for compar-
ison see Fig. 1). This choice is equivalent to the light cylin-
der in the case of rigid rotation. For differential rotation
the radius = 1 is defined as asymptotic light cylinder (for
large z). For low z-values the boundary = = 1 is located in-
side the light surface zr,(¥) = 1/Qp(¥). Along this outer
boundary (of the inner solution), we apply a homogeneous
Neumann boundary condition. Usually, this implies that
the field lines will cross that boundary perpendicularly.
However, in our case the homogeneous Neumann bound-
ary condition transforms into the regularity condition f
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the boundary becomes equivalent to the singular light sur-
face. As shown in Fendt et al. (1995), this transformation
applies “automatically” in our finite element code. This is
due to the facts that (i) finite element code solves the inte-
grated GS equation and (ii) the boundary integral, which
is proportional to D = 1 — 2202, vanishes along the light
surface.

With the GS solution of the first iteration step we es-
timate the deviation of the chosen outer boundary from
the true light surface by calculating D = 1 — z2Q%(¥).
For the lowest z-value prescribed, we know that D =
1 — 22Q2Z(¥ = 1). Then, the outer grid boundary (z, 2)
is slowly moved to a larger radius with Az ~ D(z,2)2.
As a consequence of the different numerical grid, the field
distribution will change. The value of D will, however,
decrease. This procedure is repeated until D is below a
certain limit, D ~ 0. Having obtained the solution inside
the light surface, that field distribution is taken as inner
boundary condition for the outer solution.
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Abstract. We have investigated magnetically driven superluminal jets originating from rotating black holes. The
stationary, general relativistic, magnetohydrodynamic wind equation along collimating magnetic flux surfaces has
been solved numerically. Our jet solutions are calculated on a global scale of a spatial range from several to several
1000 gravitational radii. Different magnetic field geometries were investigated, parameterized by the shape of the
magnetic flux surface and the magnetic flux distribution. For a given magnetic flux surface we obtain the complete
set of physical parameters for the jet flow. In particular, we apply our results to the Galactic superluminal sources
GRS 19154105 and GRO 1655—40. Motivated by the huge size indicated for the Galactic superluminal knots of
about 10° Schwarzschild radii, we point out the possibility that the jet collimation process in these sources may
be less efficient and therefore intrinsically different to the AGN. Our results show that the observed speed of more
than 0.9 ¢ can be achieved in general by magnetohydrodynamic acceleration. The velocity distribution along the
magnetic field has a saturating profile. The asymptotic jet velocity depends either on the plasma magnetization
(for a fixed field structure) or on the magnetic flux distribution (for fixed magnetization). The distance where
the asymptotic velocity is reached, is below the observational resolution for GRS 1915+105 by several orders of
magnitude. Further, we find that highly relativistic speeds can be reached also for jets not emerging from a region
close to the black hole, if the flow magnetization is sufficiently large. The plasma temperature rapidly decreases
from about 10'° K at the foot point of the jet to about 10° K at a distance of 5000 gravitational radii from the
source. Temperature and the mass density follow a power law distribution with the radius. The jet magnetic field
is dominated by the toroidal component, whereas the velocity field is dominated by the poloidal component.

Key words. accretion, accretion disks-Black hole physics — MHD — stars: mass loss — ISM: jets and outflows —

galaxies: jets

1. Introduction
1.1. Relativistic jets and galactic superluminal motion

Apparent superluminal jet motion originating in the close
environment of a rotating black hole is observationally in-
dicated for two classes of sources concerning mass and
energy output. One class is the family of radio loud ac-
tive galactic nuclei (hereafter AGN). In the AGN standard
model highly relativistic jet motion is explained by mag-
netohydrodynamic processes in a black hole — accretion
disk environment (for a review see Blandford 1990). Jets
are magnetically accelerated and possibly also collimated
by magnetic forces. However, the detailed interaction pro-
cess of the magnetized black hole — accretion disk system
which is believed to lead to the ejection of high velocity
blobs is not yet fully understood.

Send offprint requests to: C. Fendt, e-mail: cfendt@aip.de

The other class are galactic binary systems for which
radio observations have also detected superluminal mo-
tion (see reviews of Fender 2000 or Greiner 2000).
The two most prominent examples are the high energy
sources GRS 1915+105 (Mirabel & Rodriguez 1994) and
GRO 1655—40 (Hjellming & Rupen 1995; Tingay et al.
1995). The de-projected jet speed of both sources is 0.9 ¢
and surprisingly similar, although for GRS 1915+105 also
a higher velocity component has been observed recently
(Fender et al. 1999). GRO 1655—40 is a binary consist-
ing of a 7.02 £ 0.22 Mg black hole and a 2.3 M F-
subgiant (Orosz & Bailyn 1997) at a distance of 3 kpc.
GRS 19154105 is at 10-12 kpc distance (Fender et al.
1999), but the component masses of the presumed binary
are not known. Order of magnitude estimates based on
X-ray variability and QPO properties range from
10-80 My (Morgan et al. 1997; Greiner et al. 1998). As
for the AGN jet sources, observational evidence for a black
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hole — accretion disk system is found also for the Galactic
superluminal sources. Observations have also indicated
that accretion disk instabilities may be related to jet ejec-
tion (Greiner et al. 1996; Belloni et al. 1997; Mirabel et al.
1998). Therefore, the jet formation process for extragalac-
tic jets and their Galactic counterparts may be the same,
although the mechanism that accelerates and collimates
the GRS 19154105 ejecta is yet unclear (Rodriguez &
Mirabel 1999).

Optical polarization measurements have been obtained
for the microquasar GRO J1655-40 (Scaltriti et al. 1997;
Gliozzi et al. 1998). The polarization angle is approxi-
mately parallel to the accretion disk plane. The amount of
polarization has been found to vary smoothly with the or-
bital phase, being smallest at binary phase 0.7-0.8. It has
been noted that the occasionally observed X-ray dips oc-
cur at the same phase interval (Ueda et al. 1998; Kuulkers
et al. 1998) suggesting that it may be related to either
a thickening of the disk rim at the impact site of the
accretion stream from the companion or the overflow of
this stream above/below the disk. The orbital polarization
modulation rules out a synchrotron origin in the jet, and
implies the presence of electron scattering plasma above
the accretion disk which is asymmetrically distributed or
asymmetrically illuminated. The existence of such scatter-
ing plasma is consistent with the interpretation of the iron
features as observed with ASCA as absorption lines and
edges in a thick, cool torus of column Ny > 10%% cm 2
(Ueda et al. 1998).

The relativistic speed observed for the Galactic super-
luminal sources (~0.9-0.98 ¢ de-projected) corresponds to
a bulk Lorentz factor of v = 2-5 although this number
is not very accurate (e.g. Fender et al. 1999). Therefore,
for any theoretical investigation of these objects at least
special relativity has to be taken into account. If the su-
perluminal motion originates close to a black hole, also
general relativistic effects may become important.

The ejection of matter itself is not a stationary pro-
cess. In GRS 19154105 also repeated emission of knots is
observed (Rodriguez & Mirabel 1999). X-ray and radio ob-
servations suggest that a wide range of ejected mass and
ejection frequency is possible.

Though the galactic jet sources are nearby, they are
not better resolved spatially because the distance ratio
between AGN and microquasars is smaller than their
mass ratios. Nevertheless, an important implication may
also come from the observed size of the superluminal
knots which are observationally resolved. In the case of
GRS 19154105 the characteristic dimension of the “jet”
is 35 mas, equivalent to 7 10*® cm at a distance of 12.5kpc
(Rodriguez & Mirabel 1999). We emphasize that such
a knot size corresponds to ~10° Schwarzschild radii for
Rs = 1.510% (M /5 M)cm! This is a huge factor and may
be in distinctive difference to the AGN jets. Similarly,
the VLBA data show the core as a collimated jet down
to a distance of 10 AU from the central source with an
opening angle of <10° (see Mirabel & Rodriguez 1999)
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corresponding to 107 (M /5 Mg) Schwarzschild radii. The
length of the radio jet is about 100 AU.

However, when interpreting the observed emission re-
gion, one has to keep in mind that this region may not rep-
resent the jet flow itself, but some part of another, larger,
structure. For example, in some extragalactic jet sources
there is indication that the knots travel along helical tra-
jectories, believed to be prescribed by a large-scale heli-
cal magnetic field of an almost cylindrically collimated jet
(Zensus et al. 1995; Camenzind & Krockenberger 1992).

In GRO 1655—40 the motion of the radio knots is com-
plicated and requires (at least) precession between differ-
ent ejections (Hjellming & Rupen 1995). The knot struc-
tures in GRS 19154105 remained fixed implying that the
whole knot moves with the same speed without spatial
diffusion and with an axial velocity profile more or less
constant.

Based on minimum energy arguments and only rel-
ativistic electrons responsible for the synchrotron radia-
tion in the knots of GRS 19154105, Rodriguez & Mirabel
(1999) derive a magnetic field strength of about 50 mG
to 7mG, the decrease resulting from the expansion of
the knot. They also estimate the rest mass of a knot of
>1023 g, and together with (steady) photon luminosity of
~3 10%8 ergs~!, exclude radiation as driving mechanism
for the knots.

1.2. Theory of magnetic jets

From the introductory remarks it is clear that a quanti-
tative analysis of superluminal motion must take into ac-
count both magnetohydrodynamics (hereafter MHD) and
(general) relativity.

The first theoretical formulation of the electromagnetic
force-equilibrium in Kerr space-time around rotating black
holes was given by Blandford & Znajek (1977) and Znajek
(1977), who discovered the possibility of extracting rota-
tional energy and angular momentum from the black hole
electromagnetically.

Camenzind (1986, 1987) formulated a fully relativistic
stationary description of MHD flows, basically applicable
to any field geometry. The structure of such collimating jet
magnetospheres in the case of Kerr space time was pre-
sented by Fendt (1997). Solutions of the so-called wind
equation in Kerr geometry (see below) considering the
stationary plasma motion along the magnetic field were
obtained by Takahashi et al. (1990), however, mainly dis-
cussing the accretion flow onto the black hole.

While the asymptotic structure of the propagating jets
becomes more and more understood with the help of time-
dependent magnetohydrodynamical, also relativistic, sim-
ulations (e.g. Nishikawa et al. 1997; Mioduszewski et al.
1997; Hardee et al. 1998), the process of jet formation itself
and the collimation of the outflow region is a task still too
complex for numerical simulations. The involved length
scales and gradients require a high resolution in grid size
and time stepping. Koide et al. (1998) were first to perform
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general relativistic MHD simulations of jet formation close
to the black hole. In their model, the interaction of an ini-
tially cylindrical magnetic field with a Keplerian accretion
disk results first in an inflow of matter towards the black
hole. This accretion stream interacts with the hydrostatic
corona around the black hole giving rise to a relativis-
tic gas pressure driven jet. At larger radii a magnetically
driven wind is initiated from the accretion disk. The sim-
ulations were performed for less than two rotations of the
inner disk (corresponding to less than 0.02 rotations of
the disk at the outer edge of the grid). Although these re-
sults of the first fully general relativistic MHD simulations
look indeed very exciting, some objections can be raised
about the underlying model. The initial condition applied
is that of a hydrostatic corona around a black hole, an as-
sumption which is not compatible with the boundary of a
black hole horizon. Such a configuration is not stable and
will immediately collapse. Recently, the authors extended
their work applying an initial coronal structure in steady
infall surrounding a non-rotating black hole (Koide et al.
1999). They find a two-layered jet consisting of a magnet-
ically driven jet around a gas-pressure driven jet. In addi-
tion, Koide et al. (2000) considered the quasi-steady infall
of the corona around a Kerr black hole. They find that
jet formation seems to differ for co-rotating and counter-
rotating disks. The jet ejection tends to be easier in the
latter case with a jet origin much closer to the hole. Also,
a new feature of another magnetically driven (though sub-
relativistic) jet appears within the gas-pressure driven jet.
The computations were lasting over a few inner disk or-
bits. Therefore, the observed events of mass ejection could
still be a relict of the initial condition and may not be
present in the long-term evolution. Clearly, it would be
interesting to perform the Koide et al. simulations for a
longer time and look whether the mass ejection contin-
ues over many disk orbits, whether the simulation evolves
into a final stationary state (as e.g. in Ouyed & Pudritz
1997; Fendt & Elstner 2000), or whether the jet forma-
tion retains its unsteady behavior which could explain the
emission of superluminal knots observed in the relativistic
jets.

1.3. Aim of the present study

In this paper, a stationary magnetic jet flow along a given
magnetic flux surface is investigated in the context of gen-
eral relativity. Due to the stationary approach, we cannot
treat any time-dependent phenomena. Our emphasis is to
trace the large scale behavior of the flow from it’s origin
close to the black hole to large distances. This is an es-
sential point in particular for the Galactic superluminal
sources because of the possible huge spatial extension of
the jets compared to the central black hole. The station-
ary model allows for a global treatment of the jet flow, i.e.
an investigation over a large range of magnitudes for den-
sity and magnetic field strength. This is not yet feasible
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with time-dependent MHD codes presently available. In
particular, we address the following topics.

— For a given geometry of the magnetic field, which are
the resulting jet dynamical parameters as velocity, den-
sity or temperature?

— How important are the effects of general relativity?
Does the superluminal flow indeed originate very close
to a black hole?

— From the investigation of different field geometries we
expect some hints to the jet opening angle and the
length scale of the collimation process.

The structure of this paper is as follows. In Sect. 2, basic
equations for relativistic magnetospheres are reviewed in
the context of Kerr metrics. In Sect. 3, the model under-
lying our numerical calculations is discussed. We present
our numerical results in Sect. 4 and discuss solutions with
different geometry and jet parameters. We summarize our
paper in Sect. 5.

2. Description of a MHD flow in Kerr metric

Under the assumptions of axisymmetry, stationarity and
infinite conductivity, the MHD equations reduce to a set
of two basic equations describing the local force-balance
across the field and along the field (for references, see, e.g.,
Blandford & Znajek 1977; Thorne et al. 1986; Camenzind
1986, 1987; Okamoto 1992; Beskin & Pariev 1993; Beskin
1997).

The trans-field or Grad-Shafranov equation determines
the field structure, whereas the wind equation describes
the flow dynamics along the field. Due to the stationar-
ity assumption, certain conservation laws apply. The total
energy density, the total angular momentum density, the
mass flow rate per flux surface and the iso-rotation param-
eter are conserved quantities along the surfaces of constant
magnetic flux (Camenzind 1986).

In this paper the motion of a magnetized plasma is cal-
culated from the wind equation. The plasma moves along a
prescribed axisymmetric magnetic flux surface which orig-
inates in a region close to a rotating black hole.

2.1. Space-time around rotating black holes

The space-time around a rotating black hole with a mass
M and angular momentum per unit mass a is described
using Boyer-Lindquist coordinates with the line element

ds? = a2dt? — &% (dp — wdt)? — (p?/A) dr? — p*db?, (1)

where t denotes the global time, ¢ the angle around the
axis of symmetry, 7,0 similar to there flat space counter-
part spherical coordinates, and where geometrical units
¢ = G =1 have been applied (see Appendix A for further
definitions). The horizon of the Kerr black hole is located
at rg = M 4+ VM? — a2. We will normalize all radii to
gravitational radii r, = ru(a = M) = M. The angular
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velocity of an observer moving with zero angular momen-
tum (ZAMO) is w = (d¢/dt)zamo, corresponding to the
angular velocity of the differentially rotating space. The
lapse function is o = (d7/dt)zamo describing the lapse
of the proper time 7 in the ZAMO system to the global
time t.

2.2. Description of the electromagnetic field

In the 3+1 split of Kerr space time (Thorne et al. 1986)
the electromagnetic field B, FE, the current density 7, and
the electric charge density p. can be described very simi-
lar to the usual expressions, if measured by the ZAMQO’s
according to the locally flat Minkowski space. These local
experiments then have to be put together by a global ob-
server for a certain global time using the lapse and shift
function for the transformation from the local to the global
frame.

With the assumption of axisymmetry a magnetic
flux surface can be defined measuring the magnetic flux
through a loop of the Killing vector m = &%V,

U(r,0) = %/BpmiA,

corresponding to the magnetic flux through an area
7(r sin#)? around the symmetry axis (in the limit of
Minkowski space).

With the assumption of a degenerated magnetosphere,
||B]? — |E]?| >> |E - B| ~ 0 an “angular velocity of
field lines” can be derived from the derivative of the
time component of the vector potential Qp = Qp (V) =
—2mc(dAp/d¥). We will denote this quantity with the
term “iso-rotation parameter”.

1
B, = VUAm, (2)

2.3. The wind equation

It has been shown that a stationary, polytropic, general
relativistic MHD flow along an axisymmetric flux surface
U(r,0) can be described by the following wind equation
for the poloidal velocity u, = yvp/c,

EN\? koko + 0um2ko M2 — ky M4
2 02 m 2 4

1= —on (= NG
up+ o (M) (k0+amM2)2 ( )
where
ko = 93302 + 29030 + goo,

L
k2 = l_QFﬁy
L L2

ky = — <933 + 2903E +900ﬁ) / (965 — googss)

(Camenzind 1986; Takahashi et al. 1990). The Alfvén
Mach number M is defined as M? = 4pnu?/ Bg, with the
proper particle density n, the specific enthalpy p, and a
poloidal magnetic field Bp = By/(900) + 903§2F), rescaled
for mathematical convenience. The quantity oy, stands for
the sign of the metric (we have chosen oy, = —1, see
Appendix A). For a polytropic gas law with the index
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I' = n/m, the wind Eq. (3) can be converted into a poly-
nomial equation,

2n+2m )
Z Ai(z; 0,9, Qp; E, L, 0y) u;,/m =0, (4)
i=0

(Camenzind 1987; Englmaier 1993; Jensen 1997), where
the coefficients A; are now defined as functions of the nor-
malized cylindrical radius « = R/r, (see Appendix B).
The shape of the axisymmetric magnetic flux surface
U is prescribed as function z(x;¥). The flux function
® = \/=gB, describes the opening of the flux tube. The
faster ® decreases the faster magnetic energy is converted
into kinetic energy. We define the dimensionless magne-
tization parameter! at the “injection” point z, following
Takahashi et al. (1990),
o7

Oy = 47rmplp* ’ (5)
measuring the Poynting flux in terms of particle flux
I, = \/—gnup, where my is the particle mass (here the
proton mass). The magnetization determines the maxi-
mum energy available for plasma acceleration and thus de-
termines also the asymptotic poloidal velocity. The other
wind parameters are total energy density F, total angular
momentum L, and the iso-rotation parameter Qg. The non
relativistic limit of Eq. (4) has been solved numerically by
Kudoh & Shibata (1995, 1997).

We choose the polytropic index I' = 5/3 for a hot rel-
ativistic proton-electron plasma (a hot electron-positron
plasma would imply ' = 4/3). Then, at each radius x
the polynomial Eq. (4) has 2n + 2m = 16 solutions. Some
of these mathematical solutions have no physical mean-
ing, e.g. because ug is negative. The remaining physical
solutions form a bunch of different curves in the up(x)-
diagram representing different solution branches (see our
solution S1 in Appendix C, Fig. C.1). The unique branch
of the “wind” solution starts at a small radius with small
velocity continuing outwards with increasing velocity. For
an other parameter choice also “accretion” branches can
be found, starting from a large radius with small veloc-
ity and continuing inwards with increasing velocity (not
shown in Fig. C.1).

However, not for all parameters E,L,o there exist
physical solutions which are continuous functions of x and
therefore defined along the whole flux surface. It is well
known that at the magnetosonic points the wind Eq. (3)
becomes singular (see Camenzind 1986; Takahashi et al.
1990). Regularity of the solution requires a flow velocity
equal to the speed of the MHD waves in order to obtain
a smooth (self-consistent) transition at the magnetosonic

! Note that this definition for the magnetization varies
from the original Michel magnetization parameter om =
@3 /4w fucRE, where @y is the magnetic flux, fu the mass
flux and Ry, the light cylinder. Usually, the general relativistic
equations are normalized to the gravitational radius, whereas
the special relativistic equations are normalized to the light
cylinder.
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points. In order to match astrophysical boundary condi-
tions we fix the following parameters,

— the “injection” radius, x4, the location where the mat-
ter couples to the magnetic field. This radius also de-
termines the iso-rotation parameter Qp;

— the “injection” velocity ups = up(x4), defining the ini-
tial kinetic energy;

— the Alfvén radius x s, which fixes the total angular mo-
mentum of the flow.

The critical wind solution for a given flux surface can then
be found by varying the flow parameters in Eq. (4). Due
to numerical convenience, we vary

— the sound speed cs; at the injection radius, defining the
initial density (or gas pressure and temperature);

— the magnetization parameter at the injection point
0, (V) = D2/ (4mmp o).

In turn, the condition of a regular flow at the magne-
tosonic points fixes the sound speed and magnetization
and, thus, jet mass flow rate and temperature.

3. The model assumptions
3.1. The model in general

Observationally the jet phenomenon of AGN, young stel-
lar objects and microquasars is always connected to the
signatures of an accretion disk. We therefore assume a
similar disk-jet scenario for the jet formation in Galactic
superluminal jet sources. In general our model geometry
follows the standard model for jet formation in AGN (cf.
Blandford 1990).

Two typical length scales enter the problem. (i) The
gravitational radius ry measures the influence of gravity on
the metric. (ii) The asymptotic light cylinder Ry, describes
the influence of rotation on the electrodynamics.

3.2. The central black hole

The black hole mass and angular momentum determine
the geometry of space. Since we use dimensionless equa-
tions normalized to the gravitational radius, our results
scale with the mass of the black hole. For parameter es-
timates we assume a black hole mass of 5 My which is
about the value inferred for the galactic superluminal
sources. The angular momentum a as the other black
hole parameter is not known for any of the relativistic
jet sources. Interpretation of the high effective temper-
atures of the accretion disk as well as the stable QPO
frequency (as Thirring-Lense effect) suggests that a 2 0.9
for GRS 1915+105 and GRO 1655—40 (Zhang et al. 1997).
Theoretically, one may expect a rapidly rotating black
hole because of angular momentum conservation during
the collapse and also accretion of angular momentum from
the accretion disk (King & Kolb 2000). Here, we choose
a = 0.8, a value which is not extreme, but clearly dif-
ferent to Schwarzschild metric. The rotation rate of the
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Fig. 1. Model geometry applied for our numerical calculations.
The poloidal field structure is prescribed as magnetic flux sur-
faces with different opening angle. The flux surfaces have dif-
ferent foot point radii along the accretion disk (not visible).
The central source is a black hole implying that general rela-
tivistic effects have to be taken into account. The toroidal field
follows from the solution of the wind equation

black hole is defined as Qu = w(ry) = a/(2Mry). The
Kerr parameter a does not influence the solution of the
wind equation directly. However, for rotating black holes
the marginally stable orbit rys is closer to the horizon,
Tms = 67 for a = 0 and rpg ~ rg for a ~ 1 (This is the
case for a co-rotating disk. For a retrograde disk rotation
Tms =~ 97y for a ~ 1). Therefore, assuming that the jet
magnetic field is anchored just at the marginally stable
orbit, for a rapidly rotating black hole the maximum an-
gular velocity of the jet foot points increases by a factor
of 63/2/2 = 7.4. Correspondingly, the light cylinder radius
of the jet moves inward by the same factor.

In addition to the well-known special relativistic light
cylinder, the differential rotation of the space w leads to
the formation of a second light surface. At this position
the “rotational velocity” of the field lines relative to the
ZAMO equals the speed of light (see Blandford & Znajek
1977). The position of the two light surfaces @y, is defined
by & = (fac/(Qr — w))?, where the + (—) sign holds
for the outer (inner) light surface with Qp > w (Qp < w).
However, these light surfaces have no direct implication for
the MHD flow. In the limit of a strong magnetization, the
MHD Alfvén surfaces (for inflow and outflow) approach
the corresponding light surfaces.

3.3. The accretion disk

X-ray observations of GRS 1915+105 detected strong in-
tensity variations indicating major instabilities of an ac-
cretion disk (Greiner et al. 1996). Belloni et al. (1997) find
that the highly variable X-ray spectra could be explained
if the inner disk is alternatively removed and replenished
due to a thermal-viscous instability. Simultaneous X-ray
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and infrared observations of GRS 1915+105 revealed evi-
dence for a disk—jet interrelation (Eikenberry et al. 1998;
Mirabel et al. 1998). The observed flares in the X-ray and
IR bands have a consistent offset delay of ~30min indi-
cating an origin from the same event.

The accretion rate in GRS 19154105 and
GRO J1655—40 can be determined from the observed
X-ray luminosities (e.g. Greiner et al. 1998). Depending
on the chosen efficiency (5% in non-rotating versus 42%
in maximally rotating black holes) the accretion rate
ranges between 1-9 10~7 My, yr~! (GRS 1915+105) and
0.8-7 1078 My yr—! (GRO J1655—40), respectively.

From the theoretical point of view an accretion disk
surrounding the black hole is the essential component con-
cerning magnetic jet formation. It is considered to be re-
sponsible for the following necessary ingredients for jet
formation, propagation, and collimation.

— The generation of the magnetic field. In contrast to
stellar jets the magnetic field of jets from black holes
cannot be supplied by the central object but has to be
generated by the surrounding accretion disk. Dynamo
action in general relativistic accretion disks were dis-
cussed by Khanna & Camenzind (1996a, 1996b) and
Brandenburg (1996);

— The mass loading of the jet. The accreting material be-
comes partly diverted into the jet. Evidently, no mass
outflow is possible from the black hole itself, in dif-
ference to a stellar wind. The (non-relativistic) self-
similar accretion-ejection mechanism was investigated
by Ferreira (1997);

— The electric current system. Differential rotation of the
disk is also responsible for driving the poloidal electric
current system in the jet magnetosphere. Such a cur-
rent extracts angular momentum from the disk and
eventually allows for mass accretion into the central
object.

3.4. Model parameters for the wind motion
3.4.1. The magnetization parameter

The leading parameter for the wind solution along a fixed
poloidal field is the magnetization parameter (5). Re-
normalization to astrophysical units gives
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where J\ijet(\Il) ~ 47rmpn*cup*Rf is the jet mass flux en-
closed by an area of radius R,. A first order estimate of the
magnetization can be derived from the disk equipartition
field strength. Then, with a reasonable assumption on the
jet mass flow rate related to the disk accretion rate, this
gives the jet magnetization. Although the equipartition
field strength is model-dependent, the different models
(e.g. either advection dominated disk or standard disk, ei-
ther Kramer’s opacity or Thomson scattering) give rather
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similar results. A self-similar @dvection dominated disk
model with the accretion rate M,.. gives
R\
()
T'g

1 .
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Beq ~2510° G o, ( ) :
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where Mg = 1.1 1077(M/5 Mgy)Mgyr~" is the
Eddington luminosity and awis is the viscosity pa-
rameter (see e.g. Narayan et al. 1998). In compar-
ison, an optically thin standard accretion disk with
Thomson opacity gives Beq =~ V8mP = /81aT*/3 =~
1.8 108 G a/?(M/5 M)~Y/2(R/ry)~3/4 (see Blandford
1990). Note that these estimates are only valid within cer-
tain limits of the accretion rate and the disk radius. Using
the advection dominated disk model equipartition field
strength, we obtain the following estimate for the mag-
netization at the injection radius,

() — 16— (2 (Ve (N (8)
7 B Qlyis 5M® Macc Tg

A comparison with the original Michel magnetization pa-
rameter o must take into account a factor (rg/Ry,)?. The
magnetization parameter derived from the field distribu-
tion in a standard accretion disk model (see above) will
give a similar result. We emphasize that we do not “ap-
ply” a certain disk model (e.g. the ADAF model) in our
computations. However, a comparison in the context of
accretion disk theory just puts our wind parameters on a
safer ground. Note, that neither the ADAF model nor the
standard disk model takes into account the influence of
magnetic fields. Moreover, the ADAF estimates as cited
in Eq. (7) rely on the self-similar assumption. Compared to
the standard disk, by definition, the matter in the ADAF
disk would be rapidly advected possibly influencing also
the wind ejection. However, such a detailed treatment is
beyond the scope of this paper and may only be considered
in numerical simulations investigating the disk-jet interac-
tion itself (Koide et al. 1998, 1999, 2000)

ol
wlon

3.4.2. The magnetic field distribution

The normalized magnetic field distribution
scribed by

is pre-

—the shape of the field line, z(x); R
—the magnetic flux distribution, ®(x)=P(x)\/—g/(p?A).

We apply different functions for z(z) and ®(z) in order to
investigate the influence of collimation, rotation and mag-
netic flux distribution on the acceleration of matter. One
example is z(x) = 0.1(z—x0)%/° describing an almost coni-
cal surface with only a slight collimation (see Fig. 2). Here,
x defines the intersection of the field line with the equa-
torial plane, with x(y somewhat smaller than x,. The idea
behind this choice is that the matter is expected to couple
to the jet magnetic field above the accretion disk (with
z(xy) > 0). An example for the magnetic flux distribution
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Table 1. Comparison of leading parameters for the wind solution. Magnetic flux distribution 1G] / ®,, shape of the poloidal
field line z(z), iso-rotation parameter Qr, sound speed at the injection radius csx, magnetization at the injection radius oy,
cylindrical Alfvén radius xa, cylindrical injection radius z., total energy E, normalized to mpc? normalized total angular
momentum L = L /E, asymptotic velocity tpeo, and angular momentum parameter of the black hole a. Other Parameters are:
I'=5/3, upx = 0.006 (S3-S9), upx = 0.17 (S3q, S3u2), upx = 0.21 (S3u3)

prescribed calculated
i)/‘i)* z(x Qp Cox Ox TA Ty E L Upoo a
S3 ~1 01(z —20)*® 0035 005165 979.4 22931 83 27887 20.04 2531 0.8
S3c2  ~1 0.1(z — xo)3/2 0.035 0.0529 1356 22.931 8.3 2.764 19.95 2.58 0.8
S4 ~z /2 0.1(x — 0)/° 0.035 0.049 2380 22931 83 27879 20.04 260 0.8
S4b  ~zTl/? 0.1(x — 0)/® 0.014 0.0390 14 680 57.0 15.3 2.6730 47.07 248 0.8
S9 ~z T2 0.1(z — 20)%/? 0.035 0.05165 2777  22.92 83 27572 19.93 257 0.8
S3q  ~1 0.1(z — 20)%/® 0.14 0.31 480  5.83 33 8917 6616 848 08
S3u  ~1 0.1(x — 20)%/° 0.14 0.27 100 5.33 33 316 569 296 08
S3u2  ~1 0.1(z — 20)%/° 0.14 0.27 82.5  5.33 3.3 4.66 6.35 455 1078
S3u3  ~1 0.1(x — 0)/° 0.14 0.27 205.7  5.33 3.3 4.65 6.35 448 1078
200 [ 1210 3.4.3. The plasma temperature
3 3 1 The temperature distribution along the field line follows
I I | a polytropic gas law, T = T, (n/n,)" ~'. In our approach
150 - - — 1.5%10 ) * * : pp
- - 1 the temperature at the injection radius x, is determined
i i i by choosing the sound speed at this point, cgy,
2 100 - B Lo
N 2 2
: A : r, -1 ( e ) T (9)
| | | Tr r—-1-¢2 ks
50 |- L  xron . Lo .
L L i For typical parameters applied in our calculations, cg =
- - ] 0.05, T' = 5/3 this gives a gas temperature of the disk
I i sS4 | corona of about 1.5 10'° K at a jet injection radius z, =
o5 o ‘5X‘10‘3 B 8.3. This temperature is in rough agreement with the disk
x x temperature of the advection dominated accretion disk

Fig. 2. Projected magnetic flux surface. Shape of the poloidal
field line/flux surface as function z(x) for the solutions S4 (and
S4b, S3, S1) and S9 (and S3c2)

is ®(2) = (z/x,)"1/2, resulting in magnetic flux function
() decreasing with radius faster than a monopole where
O(z) =1.

Prescribing both the flux distribution and the shape
of the flux surface does not over-determine the problem.
The magnetic flux function ® describes the opening of the
magnetic flux tubes. With z(x), the shape of the flux sur-
face chosen, the choice of the flux function just defines
the position of the “other” flux surfaces. In a fully self-
consistent approach, the field structure is determined by
the solution of the Grad-Shafranov equation. Such solu-
tions are not yet available.

models at small radii (Narayan et al. 1998). A smaller z,
requires a higher sound speed parameter implying a higher
temperature 7.

3.4.4. The iso-rotation parameter 2p

The iso-rotation parameter Qg (V) of the field line is de-
termined from the position of the injection radius z,. This
choice corresponds to the interpretation often applied for
Qp as the “angular rotation of the field lines”. Here, we
assume that the field lines are anchored in a Keplerian
disk, Qr ~ Opisk ~ Qx(zx). The angular velocity of
the last stable circular orbit around a Kerr black hole is
Qr(zy) ~ i(xi/z + a)~! (the & stands for co-rotation
or retrograde rotation, respectively). For a radial position
not too close to the black hole, the angular velocity in
the accretion disk follows its Newtonian value. Close to a
black hole Qg is limited due to the “rotation of space” w.
An injection radius z, = 8.3 gives Qp = 0.04 which is
about 0.1 Qg for ¢ = 0.8.



C. Fendt and J. Greiner: General relativistic magnetic jets

— S e e
o1 CTTTITT
ol r ] |
o—w—v—vﬂJ\\F
a
5 L
5]
0 A S Ll L]
1 10 100 1000 104
X
102 g H\Hw/‘ — S g 1019
E \ E
10t & / ]

E / < 1012
1k 3
10—1% *%1011
10 ¢ J 100
10—3;, 1

n E 7
n, 104 L ER
10 & 108
108 & 1
F - 107
1077 = E|
108 L Ll T R SN ol s
1 10 100 108 104
X
1 e S e S S
0.1 E -
0.01 & =
m 1079 E
3 F ]
m I~ 4
10 = E
107 = 3
10 L Ll Ll R N N
1 10 100 1000 104

X

Fig. 3. Solution S3. Properties of the critical wind solution
along a given flux surface (see parameters in Table 1). The
small window shows the solution branches around the slow
magnetosonic point enlarged. The wind branch is the one with
increasing velocity. The critical (magnetosonic) points are lo-
cated at the intersections of the two solution branches (see
Appendix C for details). Top: poloidal velocity cup (in c).
The asymptotic jet velocity of u, = 2.5 is reached after about
x = 10%. Middle: normalized proper particle density n (thick
line) and temperature T in K (thin line). Below: normalized
poloidal (thick line) and toroidal (thin lines) field strength,
By, By. Note that the injection radius is z. = 8.3
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4, Results and discussion

We now discuss our numerical solutions of the general rel-
ativistic magnetic wind equation for different field geome-
tries and input parameters. With the prescribed poloidal
field our solution is uniquely defined by the conditions
along the jet foot point and the condition of regularity
across the magnetosonic points. Due to the stationarity
assumption and the prescription of the field distribution,
the spatial range of the computation is in principle not
limited in radius. This is essential if one considers the
huge size of Galactic superluminal jets in terms of the size
of the central object.

In general, we show that the acceleration of plasma
from regions close to a black hole to the speed of 0.92c¢
observed for Galactic superluminal motion is possible to
achieve. Depending on the poloidal magnetic field distri-
bution, the asymptotic speed of the jet is reached at a
radius of about 100 gravitational radii.

For comparison the leading parameters for our astro-
physical solutions are summarized in Table 1. For illus-
tration, we show the example solution S1 demonstrat-
ing the typical features of the wind solution branches in
the case of super- or sub-critical parameters (Fig. C.1,
Appendix C). The meaning of our figures is explained in
detail in Appendix C.

4.1. The wind solution — a collimating relativistic jet

The time scale for the superluminal GRS 1915+105 jet is
at least one month until the blobs become invisible in ra-
dio light. Mirabel & Rodriguez (1994) estimated that the
ejection event for a blob lasts about 3 days. This time
period would correspond to a value of Qp = 0.016 (for
M =5 Mg) and an injection radius of about z, ~ 15. The
orbital period of the foot points rotating at the marginally
stable orbit (for ¢ = 0.8) is an order of magnitude less. The
time scale derived for the intervals between the emission of
jet knots is much larger as the period of the marginally sta-
ble orbit. The true location of the jet origin not yet known.
Therefore, we suggest that the jet foot point should be lo-
cated outside the marginally stable orbit in order to main-
tain a jet flow for some time. For the first set of solutions
we chose a foot point radius of z, = 8.3 or z, = 15.3.

The fact that the kinematic time scale of the blobs is at
least 10 times larger than the time scale for the generation
of the blobs supports the assumption of stationarity in our
calculations. Clearly, on the long-term time evolution the
presence of the blobs them self tells us that the jet flow is
time-dependent.

Compared to the other solutions in this sample with
x, = 8.3, solution S3 is weakly magnetized (Fig. 3). The
initial opening angle of the magnetic flux surface is large
(Fig. 2). The magnetic flux function ®(z) is constant along
the field line. The asymptotic poloidal velocity of u, = 2.5
is reached beyond a radius # ~ 10® (corresponding to a
distance from the black hole of z(x) ~ 4 108).
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Figure 3 also shows the distribution of other dynam-
ical variables. The poloidal field strength B, decreases
with the opening of the magnetic flux surfaces. While the
poloidal field distribution is prescribed in our approach,
the toroidal magnetic field profile is a result of compu-
tation and therefore determined by the critical wind so-
lution. At the injection point the toroidal field strength
is about two times smaller than the poloidal component.
Outside the Alfvén radius the toroidal field becomes much
larger than the poloidal component. For large radii the
magnetic field helix is dominated by the toroidal compo-
nent. In this region we find the toroidal field component
following a power law distribution d(log B4) ~ d(logz).
Therefore, in the asymptotic part the poloidal electric cur-
rent is almost constant I ~ zBg ~ const. In relativistic
MHD electric —fields cannot be neglected. The electric field
orientation is perpendicular to the magnetic flux surfaces
and the field strength is |[E 1| = (R/Ry1)Bp. Therefore,
the electric field is dominating the poloidal magnetic field
outside the light cylinder.

Density and temperature are interrelated by the poly-
tropic gas law. At the injection point the gas tempera-
ture T~ 10'° K (Fig. 3). The proper particle density
at the injection point n, depends from the choice of the
mass flux (in units of the magnetic flux). Therefore, the
calculated density profile n(z) may be applied to dif-
ferent mass flow rates (as long as the magnetization o,
is the same). Density and temperature decrease rapidly
along the field line following the polytropic expansion.
For x 2 30 the proper particle density follows a power
law n/n, = 4 10722z~ 18, At = ~ 1000 the gas tempera-
ture is about 10% K. Therefore we can estimate the size of
a X-ray emitting region of about several 10007, in diam-
eter. For the example of GRS 19154105 this corresponds
to 3.5 1079 arcsec. It would be interesting to calculate the
X-ray spectra of such an relativistically expanding high
temperature gas distribution.

Solution S3c2 has the same distribution of the mag-
netic flux function ® as solution S3. The magnetic flux
surfaces, however, are collimating more rapidly. The de-
rived critical wind solution has a higher magnetization,
although the terminal speed and the total energy density
E(T) of the S3c2 solution is similar to S3. Because of the
higher magnetization type S3c2 jet solutions have a cor-
respondingly lower mass flow rate. The asymptotic speed
is reached already at about x = 1000 equivalent to a dis-
tance from the central black hole of about z = 3200.

Solution S9 relies on the same magnetic flux surface
as S3c2. As a difference to S3c2, the magnetic flux func-
tion decreases with radius implying a (spatially) faster
magnetic field decay. As a consequence, the jet reaches its
asymptotic velocity of u, = 2.57 even at about z = 100.
The derived flow magnetization is higher compared to
S3c¢2 and S3 balancing the fast decay of the magnetic field
distribution and we obtain the same asymptotic speed.
This is interesting because it proves that not only the mag-
netization, but also the distribution of the magnetic flux
along the field line determines the asymptotic speed.
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Note that solution S9 reaches the same asymptotic
speed as S3c2 only because of its higher magnetization.
Indeed, a solution similar to S9, but having the same mag-
netization o, = 1356 as for S3c2, only reaches an asymp-
totic speed of up = 1.81 (not shown). Also, such a solution
would be only very weakly magnetized in the asymptotic
regime as the normalized flow magnetization changes as
o ~ 1/\/z for the & ~ 1 solutions or o ~ 1/z for the
® ~ 1/x solutions?, respectively. Similarly, in compari-
son, the asymptotical toroidal magnetic field is weaker by
some orders of magnitude (a factor ten at x = 1000). In
all the solutions presented in this paper the asymptotic jet
is dominated by the kinetic energy. For the solutions with
the large injection radius z, = 8.3, the magnetic energy
is being converted into kinetic energy almost completely
already at a radius of about several 100 gravitational radii.

Solution S4 has the same magnetic flux distribution as
S9, however, the field line is only weakly collimating. The
asymptotic jet speed and the magnetization parameter is
about the same. Only, the initial acceleration is weaker
because the magneto-centrifugal mechanism works less ef-
ficient in the field with a smaller opening angle.

Solution S4b has essentially the same field distribution
as S4, but the injection radius is chosen larger. Therefore,
the iso-rotation parameter Qp is decreased by a factor of
(8.3/15.3)3/2. As a result, a critical wind solution with
a comparable asymptotic speed could be obtained only
for a very high plasma magnetization. This proves that
highly relativistic jets can be expected even if the jet is
not emerging from a region close to the black hole. Such a
solution is feasible if the mass flow rate in the jet decreases
with radius faster than the field strength (or flux distribu-
tion). The question remains whether such field strengths
can be found at this position.

We summarize the results of this section. The asymp-
totic speed is determined by the plasma magnetization
and the distribution of the magnetic flux along the field
line. The shape of the magnetic flux surface determines the
velocity profile along the field, thus, the position where the
asymptotic velocity is reached. Highly relativistic outflows
can be obtained even if the jet foot point is not very close
to the black hole. However, in this case a high plasma
magnetization is necessary. But this seems to be in con-
tradiction to the accretion disk theory (see below).

4.2. The role of the magnetization

The magnetic acceleration of jets and winds can be un-
derstood either as a consequence of converting Poynting
flux (magnetic energy) to kinetic energy or due to Lorentz
forces along the poloidal field line. In general, the higher

2 However, in the hot wind equation it is not possible to
change only one single parameter in order to obtain a new set
of critical wind solutions. In the case discussed above, with
the decreased magnetization (i.e. an increased mass flow rate),
the Alfvén radius is correspondingly smaller (here, xa = 21.11
compared to za = 22.93 for S9).
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Fig. 4. Wind solutions S9 (upper left), S3c2 (lower left), S4 (upper right), S4b (lower right). Branches of poloidal velocity auyp
along the field line in units of the speed of light. For the solution parameters see Table 1. See caption of Fig. 3 for further

explanation

the plasma magnetization the more energy can be trans-
formed into kinetic energy of the wind. It has been shown
theoretically for a cold wind that the relation between
magnetization and asymptotic velocity is that of a power
law, upoo ~ on/3, for conical outflows (Michel 1969) and
for collimating flows (Fendt & Camenzind 1996), if the
flux distribution is the same, respectively. However, both
papers do not consider gravity (and no general relativistic
effects). The new solutions presented in this paper are in
general agreement with those results in the sense that a
higher magnetization leads to a higher velocity. However,
we are dealing with the hot wind equation and cannot de-
rive a power law distribution from Table 1, since the other
wind parameters may vary between the different solutions.
In difference to the cold wind solutions the magnetization
is not a free parameter. Instead, it is fixed by the regular-
ity condition at the magnetosonic points.

The wind magnetization is determined by the disk
properties at the jet injection points along the disk sur-
face. For a standard thin disk model that the ratio of
the mass flow rate in the jet to the disk accretion rate
is about 1% (Ferreira 1997). The observational data for
various jet-disk systems are consistent with this theo-
retical value. The accretion disk magnetic flux can be

estimated assuming equipartition between magnetic field
pressure (energy) and gas pressure (thermal energy) in the
disk (see Sect.3.4.1). From Eq.(7) we find an equiparti-
tion field strength of about Beq ~ 5 108 G, if awis ~ 0.1
and R, = 10r,. Equation (8) then defines an upper
limit for the plasma magnetization at the injection ra-
dius, o, = 5 104, for ]\./[J-e‘E ~ 0.1 Myee. Such a value is in
general agreement with our solutions (Table 1). The maxi-
mum equipartition field strength estimated with the above
given formulae can be much larger for Galactic black hole
jet sources as for AGN (see Eq. (7)). For a low black hole
mass (with a smaller horizon) the disk comes closer to the
singularity and therefore becomes hotter.

Again, we note that our estimate for the magneti-
zation comes from comparison of different disk models
(Sect. 3.4.1). However, this does not mean that we apply
a certain disk model for our computations.

Finally, we come back to the wind solutions S4 and
S4b. As already mentioned, these solutions demonstrate
that the jet origin must not be necessarily close to the
black hole. One may think that a strong magnetization
at larger disk radii would do the job. On the other hand,
the equipartition field strength in the disk decreases with
radius implying that the highest magnetization and, thus,
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jet velocities must be expected from the inner part of the
disk. Only, if the mass transfer rate from the disk into
the jet decreases more rapidly with radius than the field
strength, the magnetization increases.

4.3. The influence of the rotating black hole

As the main issue of our paper is the search for MHD wind
solutions in Kerr metric, it is necessary to clarify the role
of general relativity for the jet acceleration itself. Clearly,
at an injection radius of R, = 8.3 general relativistic ef-
fects are not very dominant.

For comparison we have calculated wind solutions for
a smaller injection radius xz, = 3.3 (solution S3q, S3u,
Figs. D.1, D.2). The main effect is a much higher asymp-
totic velocity resulting from the rapid rotation, Q, at
the smaller radius z,. With our choice Qr = 0.14 the
asymptotic velocity drastically increases from u, = 2.503
(S3) to up = 8.4792 (S3q). In order to obtain the critical
solution for the higher rotation rate, the wind parame-
ters have to be changed accordingly. o, is decreased by a
factor of two, while ¢, and wup, must be increased sub-
stantially. The large sound speed is in agreement with the
smaller injection radius, since a higher disk temperature
and pressure is expected close to the hole. The Alfvén ra-
dius is decreased by a factor of four, however, its location
relative to the outer light cylinder remains the same.

The limiting case of Minkowski metric can be achieved
by setting M = 0 and @ = 0 in the Boyer-Lindquist
parameters (see Appendix A). For such a wind solution
(S3u2) the magnetization is lower, although the asymp-
totic wind speed is the same as in the Schwarzschild case
(see Fig. D.2). This becomes clear if we take into account
that for S3u2 the wind flow does not have to overcome
the gravitational potential. Thus, less magnetic energy is
needed to obtain the same asymptotic speed by magnetic
acceleration. Further, we find from solutions for different
angular momentum parameters a that in general the wind
flow originating from a black hole with a smaller « is faster.
As an extreme example we show the solution S3u3 calcu-
lated with a ~ 0 but otherwise the same parameter set
(see Fig. D.2). This solution is magnetized stronger com-
pared to the case of a = 0.8, thus, resulting in a higher
asymptotic wind velocity. We believe that the reason for
such a behavior is the fact that the effective potential of
a black hole weakens (at this location) for increasing val-
ues of a. Therefore, less magnetic energy is necessary to
overcome the effective potential.

In the end, the results of this section are not surprising.
They demonstrate that the wind/jet is basically magneti-
cally driven. As a consequence, the acceleration takes place
predominantly across the Alfvén point as expected from
MHD theory. Therefore, the scenario is similar to the case
of classical pulsar theory in Minkowski metric. For rela-
tivistic jets with a high magnetization the Alfvén point is
always very close to the light surface, which is defined by
the angular velocity of the field line foot point. Usually,
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the Alfvén point is located at a radius large compared to
the gravitational radius. Thus, the influence of the general
relativistic metric is marginal. Only, if the Alfvén radius
comes close to the hole, the choice of the metric will de-
termine the jet acceleration.

4.4. The question of collimation

The huge size observed for the knots of the Galactic su-
perluminal sources leaves the possibility that the jet is
basically un-collimated.

Our numerical solutions have shown that the asymp-
totic speed of the jet does not depend very much on the
degree of collimation in the flow. That speed is reached
within a distance of about 108rg. However, the observed
upper limit for the knot size is still a factor 10 larger.
Therefore, from our solutions, the observed knots are con-
sistent with both a collimated and an un-collimated jet
flow. In particular, solution S9 which is more collimated,
has the same asymptotic speed as solution S4.

In the case of extragalactic jets a high degree of
collimation is indicated. The “lighthouse model” by
Camenzind & Krockenberger (1992) gives opening angles
of only 0°1 for the quasar 2C 273 or 0°05 for typical
BL Lac objects. The question arises whether there could
be an intrinsic difference between the jets of AGN and
Galactic high energy sources. Why should Galactic su-
perluminal jets be un-collimated? A difference in the jet
magnetization seems to be unlikely since the jet velocities
are comparable. We hypothesize that if the jets of these
sources are systematically different, this should rather be
caused by the conditions in the jet environment. If the
jets are collimated by external pressure, a different ex-
ternal/internal pressure ratio will affect the degree of jet
collimation. Extragalactic jets are believed to be confined
by an external medium (see Fabian & Rees 1995; Ferrari
et al. 1996). It is likely that Galactic superluminal sources
provide an example where the jet pressure exceeds the
pressure of the ambient medium. While AGN jets bore a
funnel through the galactic bulge, Galactic superluminal
jets freely expand into the empty space. Such a picture
seems to be supported by the fact that the Galactic su-
perluminal jet knots move with constant velocity over a
long distance.

5. Summary

We have investigated magnetically driven superluminal
jets originating from a region close to a rotating black
hole. The stationary, general relativistic, magnetohydro-
dynamic wind equation along collimating magnetic flux
surfaces was solved numerically. The wind solutions were
normalized to parameters typical for Galactic superlumi-
nal sources.

The assumption of stationarity allows us to calculate
the jet velocity on a global scale over a huge radial range in
terms of radius of the central source. The wind is launched
close to the rotating black hole at several gravitational
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radii. The calculation was performed up to a radius of 10*
gravitational radii, but is in general not limited in radius.
In some cases the asymptotic speed may be reached only
at a distance of several 10® gravitational radii. Different
magnetic field geometries were investigated. The model
allows for a choice of the shape of the magnetic flux surface
and the fluz distribution of that field.

The physical wind solution is defined by the regular-
ity condition at the magnetosonic points. As the poloidal
field is prescribed, the choice of the following input pa-
rameters determines the wind solution completely, (i) the
injection radius of the matter into the jet, (ii) the injection
velocity and (iii) the plasma magnetization (the ratio of
magnetic flux to mass flux). The results of our numerical
computation are the following.

— In general, the observed speed for Galactic superlumi-
nal sources of more than 0.9 ¢ can be achieved;

— The flow acceleration is magnetohydrodynamic and
takes place predominantly around the Alfvén point.
General relativistic effects are important only if the
wind originates very close to the black hole. In order to
overcome the gravitational potential, the critical wind
solution must be higher magnetized in order to reach
a similar asymptotic speed. This has been proven by
calculating the Schwarzschild and Minkowski limit of
the wind equation;

— For a fixed magnetic field distribution the asymptotic
jet velocity depends mainly on the plasma magnetiza-
tion, in agreement with earlier papers (Michel 1969;
Fendt & Camenzind 1996). The higher the plasma
magnetization, the higher the final speed. The velocity
distribution along the magnetic field shows a saturat-
ing profile depending on the distribution of the mag-
netic flux;

— The magnetic flux distribution along the field line also
influences the plasma acceleration. Since the real field
distribution is not known, we have considered two cases
which show the typical behavior and which are proba-
bly close to the reality. We find that the jet velocity in
a (spatially) faster decaying field can be the same as
long as the magnetization at the injection point is high
enough in order to balance the effect of the decrease
in field strength;

— For jet solutions not emerging from a region close to
the black hole, a highly relativistic velocity can be ob-
tained if the flow magnetization is sufficiently large.
However, one we hypothesize that the field strength
required for such a magnetization can be generated
only close to the black hole;

— Investigation of flux surfaces with a different degree
of collimation has shown that both field distributions
allow for a relativistic velocity. The asymptotic jet ve-
locity is reached considerably earlier in the case of
the faster collimating flux surface. The jet reaches
its asymptotic speed at a distance from the injection
point of 30007, or 10574, depending on the degree of
collimation. The latter we measure with the opening
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angle of the collimating flux surface at this point and
is about 15° or 45°, respectively. This distance is below
the observational resolution by several orders of mag-
nitude. Therefore, the question of the degree of colli-
mation for the superluminal jets of GRS 1915+105 and
GRO 1655—40 could not be answered;

— Motivated by the huge size of the observed knots in the
Galactic superluminal jets, we point out the possibility
that the jet collimation process in these sources may
be intrinsically different in comparison to the AGN.
For example, the upper limit for the knot diameter in
GRS 19154105 is about 10? Schwarzschild radii, which
is distinct from typical estimates for AGN jets with
diameters of about 100-1000 Schwarzschild radii;

— The gas temperature at the injection point is about
10'% K which is one order larger than the disk tem-
perature at this point. With the polytropic expansion
the temperature decreases rapidly to about 106 K at a
distance of 5000 Schwarzschild radii from the source.
Both the temperature and the mass density follow a
power law distribution with the radius;

— The calculations show that the jet magnetic field is
dominated by the toroidal component. Similarly, the
velocity field is dominated by the poloidal component.

In summary, our numerical calculations have shown that
the highly relativistic speed observed for galactic superlu-
minal sources can be achieved by magnetic acceleration.
For a given magnetic flux surface we obtain the complete
set of physical parameters for the jet flow. The calcu-
lated temperature, density and velocity profile along the
jet would provide a interesting set of input parameters for
computing the spectral energy distribution.
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Appendix A: Parameters of Kerr metric

For the reason of completeness, here we list the parame-
ters applied in the equations of Kerr geometry. In Boyer-
Lindquist coordinates with the parameters

2

r? +a? cos? 6, A=r’+a®>—-2Mr,

p =
2?2 = (1P +a%)? —a’Asin®0, O =(/p) sind,
w=2aMr/cX? a=pVA/T,

the components of the metric tensor are defined as
= owm(2r/p(r,0)%* = 1)

go3 = —om2rasin(0)?/p(r,0)?

gu = omp(r,0)*/A(r,0)

g22 = omp(T, 9)2

g33 = omX(r,0)?sin(0)?/p(r,0)?

Det(gun) = —g11922(930 — go0gs3)-

goo
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In our paper we have chosen a negative sign of the metric,
om = —1.

Appendix B: Wind polynomial

Here we provide the polynomial coefficients of the gen-
eral relativistic magnetohydrodynamic wind Eq. (4). For a
derivation, see Camenzind (1986), Takahashi et al. (1990),
or Jensen (1997). The specific angular momentum, prop-

erly normalized, is
L = —(gos + 2wrgs3)/ (900 + Qrgos)- (B.1)

For convenience we define the following parameters,

2 g @\ ®
Ci = — 5 Ix = Co = +/— *
C A (“p*\/ g c1>*> 2TV TIg,,
Dy = goo + 2Qprgo3 + Qgss, Do = (1 —QpL)?
D3 = —(g33+ 2Lgos + ngoo)/(ggz), — §00933)-

With the corresponding values at the injection radius z,
the total specific energy density of the flow E is defined
as

*Umuf(uﬁ* +1)(D1s + Um]wf)2

E? = :
(D14 + 2001 M2) Dy + D3, M2

(B.2)

where M, denotes the Alfvén Mach number at the injec-
tion radius. The polynomial coefficients of the wind Eq. (4)
are
= C?
@2,2n+m = 20mCoDy
a3on = DI+ O3+ omE*C5Ds
Ason-m = 20mC2Dy + 2E*CyDy
a5,2n—2m = D} +omE>D1 Dy
a6,n+3m = 4C1C3

a1.2n+2m

7nt2m = 60mC1C2Dq
A8 mem = 2C1D? 4+ 4C,C2 4 6,,2E*C1C2D;3
d9.n = omb6C1CaDy +2E2C1Cy Dy
a10,n—m = 201D?
@11.4m = 6C3C32
@12.3m = 60mC2CyD,y
@13,2m = CiD3 +6CiC3 + o E*C3C3 Ds
A14m = 60mCiCoD;y
15,0 = C¥D?
a16,5m—n = 4C;C3
a17.4m-n = 20:mC3C2Dy
A18.3m-n = 4C3C3
@19.2m—n = 20:mC3Cy Dy
@20.6m—2n = C{C3
91 am—2n = C{C3.

All coefficients with the same second index have to be
summed up, A; = Zj a@j;. The polytropic indices n = 5,
m = 3 give a polynomial of 16th order.
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Fig. C.1. Example solution S1. Overlay of solutions up(z) for
three different parameter sets. o, = 49830, csx = 0.4585 gives
the critical solution which is regular across the magnetosonic
points. The critical wind solution is the continuous branch
starting with low velocity and accelerating to high speed. The
magnetization o, is the critical parameter for the FM point,
whereas cs. is the critical parameter for the SM point. Sub- or
super-critical solutions are obtained by variation of the param-
eters oy, cs«. The choice of o, = 51830, cs» = 0.4485 results in
gaps in x(up), the choice of o, = 48830, csx = 0.4685 in gaps
in up(z). The other parameters are xa = 31.2, up, = 0.01,
zx = 3.0, Qr = 0.1 Qg = 0.025, a = 0.8

Appendix C: Example wind solution in Kerr metric

Here we show an example solution of the wind Eq. (4).
The parameters are chosen such that a variation of o,
and cg, clearly demonstrates the criticality of the wind
solution. They do not necessarily match astrophysical con-
straints. However, the asymptotic poloidal velocity is com-
parable to the speed of the Galactic superluminal sources.
The solution (solution S1) considers a highly magnetized
plasma flow with o, ~ 510%. The flux geometry is that of
a slightly collimating cone with an opening angle decreas-
ing with distance from the source.

Figure C.1 shows the solution branches with a posi-
tive ug. An overlay of solutions for three parameter sets is
displayed in order to show the typical behavior of wind so-
lution. There is only one unique solution, the critical solu-
tion, with one branch continuing from small to large radii
without any gaps in u, or . The magnetosonic points are
located at the intersections of the solution branches of the
critical solution. The critical wind solution is regular at
all three magnetosonic points. It is defined by a wunique
set of the parameters E, L and o (for Qg prescribed). In
the critical solution the slow magnetosonic point is passed
close to the foot point of the jet. The Alfvén point is lo-
cated at x = 31 and the fast magnetosonic point not far
beyond. The asymptotic speed of the flow is u, = 2.28,
equivalent to v, ~= 0.9 ¢ (not shown in the figure).

Sub- or super-critical wind parameters lead to solution
branches which are not defined for all radii or all velocities.
Even for a slight variation of these parameters the solu-
tion will be not continuous anymore, implying “jumps”
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Fig. D.1. Example solutions with a small injection radius z, =
3.3. Rotation rate Qr = 0.14. Solution S3q with a = 0.8, za =
5.83, o, = 480 has a high asymptotic velocity u, = 8.48

or “shocks” across the gaps in the solution branches. At
these locations the stationary character of the solution
most probably breaks down. Such solution branches are
inconsistent with the assumptions and are therefore re-
ferred to as unphysical.

Appendix D: The wind solution for a small
injection radius

For comparison, we show solutions of the wind equation
with a small injection radius x, = 3.3 as well as solutions
in the limit of Minkowski and Schwarzschild metric (for
a discussion see Sect.4.3). Solution S3q corresponds to
solution S3, however, with a magnetization smaller by a
factor of two. The asymptotic speed is u, = 8.48 and
much larger than for S3. Also solutions S3u, S3u2, S3u3
correspond to S3 and S3q. However, in this case the Alfvén
radius and the derived magnetization parameter are lower
resulting in a lower asymptotic speed. Solution S3u is the
Kerr solution for a = 0.8, S3u3 the Schwarzschild solution
(a = 1078), and S3u2 the Minkowski solution where we set
a = 1078 and M = 0 in the Boyer-Lindquist parameters
(see Appendix A). For a comparison of all solutions see
Table 1.
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Abstract. The evolution of a stellar dipolar-type magnetoincluding also atreatment of the disk (Hayashietal. 1996; Goo
sphere interacting with a Keplerian disk is investigated numemen et al. 1997 (GWB97); Miller & Stone 1997; Kudoh et al
ically using the ideal MHD ZEUS-3D code in the axisymmetrt999). In these papers a collapse of the inner disk is indica
option. We compute the innermost region around the stellar a@jiving rise to episodic ejections of plasmoids. A two-compone
ject using a non-smoothed gravitational potential. The diskstructure of the flow develap- a collimated axial jet and a disk
taken as a boundary condition prescribing the mass inflow inténd flow. Using an adaptive grid GWB97 were able to co
the corona. Depending mainly on the magnetic field strengtiine a huge spatial scale (2 AU) with a high spatial resoluti
our simulations last several hundred Keplerian periods of the imear the star)(1R))!

ner disk. The main result is that the dipolar structure of the mag- However, all these simulations could be performed only f
netic field almost completely disappears. An expanding bubladew Keplerian periods of the inner disk! Further, the appli
of hot gas of low density forms disrupting the initial dipoladisk initial condition is not compatible with a magnetized dis
field structure. A disk wind accelerates within the time limit oft is not surprising that the disk immediately becomes unsta
the simulation to velocities of about 0.5 the Keplerian spegiVing rise to ejections. Clearly, itis not yet numerically feasibl
and potentially may develop into a stationary collimated jeib include the disk structure self-consistently. The second cl
We argue that non-stationary jet phenomena should probabfypapers deals with the evolution of a magnetized disk wi
caused by a time-dependent disk. Simulations with a rotatitaking the disk only as a boundary condition for the inflow, a
and a non-rotating star show significant differences. In the cadea first proposed by Ustyugova et al. (1995) (see also Ou
of a rotating star during the very first time steps a high spe&dPudritz 1997 (OP97); Romanova et al. 1997, Ustyugova
outflow along the axis is initiated which does not exist in thal. 1999 (U99)). A monotonous flux distribution across the fiel
case of a non-rotating star. is assumed. For a certain initial magnetic field a final station

collimating jet flow could be found (OP97; U99).

Key words: Magnetohydrodynamics (MHD) — accretion, ac- \\e are essentially interested in the evolution of the ide
cretion disks — ISM: jets and outf!ows — stars: magnetic fieldgyyp magnetosphere and the formation of winds and jets a
stars: mass-loss — stars: pre-main sequence not in the evolution of the disk itself. Therefore, we do n
include magnetic diffusivity into our simulations. The disk act
only as a boundary condition for the corona/jet region. In th
1. Introduction sense we will follow the ideas developed by OP97. The windin

A stellar dipolar-type magnetic field surrounded by an accreti¢fff Process of magnetlc field due to d|fferent_|al _rotaFlc_)n petwg
disk is a common model scenario for various astrophysical pe star gnd the disk would be present evenif diffusivity in a di
jects. Examples are the classical T Tauri stars, magnetic WHﬁéaken into account. A treatment of the long-term evolution

dwarfs (cataclysmic variables) and neutron stars (high m‘%gch systems is essential for their interpretation, since it is th

X-ray binaries). Some of these sources show Doppler shift\é\'g'en they are being o_bserved. . . .
Here, we present first results of our simulations. We give

emission lines and highly collimated jets are observed in youn . . L . o )
stellar objects. Magnetic fields are thought to play the IeaH'([]ore detailed discussion in a forthcoming publication. A movi

ing role for the jet acceleration and collimation (Blandford &N'" be provided undehttp://kosmos.aip.de/cfendt

Payne 1982; Pudritz & Norman 1983; Camenzind 1990; Shu et

al. 1994a,b; Fendt et al. 1995; Fendt & Camenzind 1996).
In general, two classes of papers concerning magnetohy:

dynamic simulations of jet formation from accretion disks havdsing the ZEUS-3D MHD code (Stone & Norman 1992a,

been published recently. In one class, the evolution of dipoldtawley & Stone 1995) in the axisymmetry option we solve th

type magnetic fields in interaction with a disk is investigateslystem of time-dependent ideal MHD equations,

02. Basic equations
ro-
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9p £V (pv) =0, 9B _ Vx(wxB)=0,V-B=0,(1) ‘dragging."can be chq;en by thg b.q. in the finite element' code.
ot ot The stability of our initial condition is demonstrated in Fig. 1:
oo density and field in the yet undisturbed regions perfectly match
p {81& +(v-V) 'v] + V(P + Pa)+pVP — 3 x B=0,(2) during the first decades of evolution< 75).
The b.c. for the poloidal magnetic field is set by the ini-
tial field distribution and the divergence-free condition (2).
p {a +(v-V) e} +P(V-v) =0, () The b.c. for the toroidal component of the magnetic field is
) o . . By = p;/r for r > r;, consistent with a Keplerian disk with-
with the magnetic field3, velocityv, gas density, gas pressure ¢ any magnetic force. The emf b.c. along the r-axis is calcu-
P, internal energy, electric current density = V x B/47, |ated directly from the velocity and field distribution prescribed,
and gravitational potentigh. We assume a polytropic ga,= £(r) = v(r) x B(r). For a rotating sta€ # 0.
K p°/* and do not solve the energy equation (3). Additionally, " e haye carefully tested the application of the ZEUS-3D
we have introduced a_turbulent magnetic pressure due t@AvaCOde to our model assumptions by recalculating the results
waves,Py = P/fr, with a constanty (OP972 , of OP97 (obtained with the ZEUS-2D code) and found very
US'”? dlmensmnles/s varlableé,/z r/Tis 2 E/z/zi’ V"= good agreement (Fendt & Elstner 1999, in preparation). An-
v/vK,is t' = tri/vii, p) = p/pis P' = P[Py, B' = B/Bi,  gther signature of the quality of our simulations is the stability

@' = —1/4/(r"? 4+ 2"', where the index refers to parameter of the hydrostatic initial condition and force-freeness over sev-
values at the inner disk radius, the normalized equation of gra| decades of the computation.

motion eventually being solved with the code is

e

4 9 47 B’ (P’ P! . . .
o (v V) = 2L X2 V(P +Py) V'’ (4) 4. Results and discussion

/ . A. o .
ot 0 Bi p 0 p We have investigated numerically the evolution of a stellar
Here isf; = 87P;/B? ands; = pv2 ,/P; with the Keplerian dipolar-type magnetosphere in interaction with a Keplerian ac-

speedv? , = \/W For a ‘cold’ corona P} > 0) it fol- cretion disk using the ideal MHD ZEUS-3D code in the axisym-
IowsﬁTKi 1/(5i(y — 1)1/7 —1). Inthe foIIowinSwe willomit Metry option. We are able to follow the evolution over more
= : i

the primes and will discuss only normalized variables. than 200 Keplerian periods of the inner disk (or 2.2 periods at
the outer disk a0 r;)! The stellar radius i, = 0.5r; The
o N other parameters applied afg= 100, 5; = 0.2, p; = —1.0,
3. The model, initial and boundary conditions n; = 100, vipj = 0.001, similar to OP97. For a typical protostar

We apply the same boundary and initial conditions as develog8i$ corresponds to a disk densityraf

by OP97 with the exception of a initiaipolar-typemagnetic B \2/ o M\l
field from a stellar surface. Due to our choice of cylindricatp = 1019, 3;4; (101) (10];{) <M> gem ™3, (5)
coordinates we cannot treat the star as a sphere. The field distri- © ©
bution along ousstraightlower boundary; = 0, corresponds Our main result is that the initial dipolar-type field structure
to that along a surface with = zp across a dipolar-type field disappears on spatial scales larger than the inner disk radius and
with a point-like star. This boundary is divided into a ‘star’a slowly collimating disk wind evolves (Fig. 1). An expanding
r =0,..r., agap fromr, tor; = 1.0, and the disk fromr; to low density ‘bubble’ forms disrupting the field and moving with
Tout- Hydrodynamic inflow boundary conditions (b.c.) are sein axial speed of, ~ 0.4vg ; (att = 100). A weak back-flow
along this axis. Matter is injected from the disk into the cororaf material exists close to the axis.
with vp = vinjux Bp/Bp, andpiyi(r) = n; p(r, 0). The stellar The general behavior of the system is independent from a
rotational period can be chosen arbitrarily. variation of the field strength. For strong fields, the bubble is
The initial density distribution is in hydrostatic equilibriummoving faster, however, the numerical life time of the simula-
p = (r? + 22)~3/%. The initial magnetic field structure is thattion is accordingly shorter. This is a major difference to OP97,
of a force-free deformed dipole calculated with a finite elemergsulting from the inner ‘stellar’ b.c. and differential rotation
code described elsewhere (Fendt et al. 1995). There, the vebitiween star and disk. Aftér= 75, torsional Alfven waves
potentiald 4 is computed using the double grid resolution. Themgach the outer region and the whole initial field distribution is
the initial field distribution for the ZEUS code is derived withdistorted. A flow along the field develops close to the disk. Its
respect to the staggered mesh. In the undisturbed regionsitieiination angleslowlyincreases with time. We interpret this as
initial field remains force-free on a level 6f01 %. A force-free indication for a possible stationary final state. We hypothesize
initial field is essential in order to apply a hydtaticcorona as that such a solution will look similar to the jet solutions of OP97,
initial condition. The maximuniV - B| is 10715, since the disk inflow condition is the same. OP97 have shown
We have chosen an initial field distribution of a currenthat for a certain initial magnetic field distribution the evolving
free magnetic dipole, artificially deformed by ‘dragging’ of afet flow becomes stationary after about 400 Keplerian periods.
accretion disk, and an ‘opening’ of the field close to the outfloAMso, Romanova et al. (1997) find a stationary collimating disk
boundaries. This implies a poloidal field inclined to the diswind, however, applying a monopole-type initial field structure.
surface supporting the launching of a disk wind. The amountBfirther extending this approach, U99 have generally proven the
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Fig. 1. Evolution of a dipolar-type magnetosphere in interaction with a Keplerian disk. Shown isléfidmright) the densityp, magnetic field
distribution (Bp-lines andB, contours) and velocity vectors (on scale only within each frame) fer0, 25, 50, 100, 150, 200 (from top to
bottom). The inflow from the disk along the r-axis is parallel to the initial poloidal field. The innermost density copteut Q) indicates the
inner disk radiusr; = 1.0. The stellar radius along the r-axisris = 0.5 r;. The numerical resolution &50 x 250 grid elements.
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stellarfield is applied as b.c., whereas a dipole concentrated only
to the star permitted an asymptotic jet with monotonous field
distribution acrossthe jet (Fendtetal. 1995, Fendt & Camenzind
1996). Our simulations shows that this innermost dipole is not
destroyed. Inthe Shu et al. (1994a,b) model the jet flow emerges
centrifugally accelerated from a so-called X-point at the inner
disk radius. A critical field line divides the closed dipolar loops
from the open wind/jet field. At a quick look our simulations
seem to favor the hypothesis of Shu et al., their critical surface
corresponding to our dominant flow channel emanating from the
inner disk radius. However, in our simulation, the strong accel-
Fig. 2. Example solution of the magnetosphere for stellar rotation f@lation at this location is due to the strong differential rotation
the time step) = 2_5, corresponding glso to 25 ste-IIar rotat_i0n61_| periOdet this point and the subsequent induction of toroidal magnetic
Density distribution I(eft).antlj poloidal magnetic field linesight). fields, while in Shu et al’s theory centrifugal forces play the
Same contour levels as in Fig. 1. domir’lant role.

In summary, our long-term simulations show that (1) short-

existence of stationary disk jets in agreement with predictiofgfm simulations should be interpreted with care, being probably
of the stationary MHD theory. In our simulations the disk win@iased by the initial condition. Further, (2) the long-term evolu-
accelerates to poloidal velocities of > 0.5vx ;. The wind tion indicates on a possible fingthtionarystate of a collimating
is launched predominantly from the inner disk, due to the faidigh speed disk wind, in difference to papers on this topic pub-
that the poloidal field strength drops very fast! In difference fished previously. Direct comparison of the simulations with a
OP97 the magnetic field (with the initial dipole) does not evolv@tating and a non-rotating star shows that (3) the first steps of
into amonotonouslux distribution across the field, but into athe evolution differ greatly. In the long-term evolution, however,
reversedfield structure with a neutral line of vanishing field?oth systems may evolve quite similar. This would imply that
strength! The dipole survives close to the star with a densf#) jet formation depends mainly on the disk and not on the
distribution similar to the initial one. stellar rotation. Such a ‘prediction’ may be tested by observing
Simulations with a rotating and a non-rotating star shalft sources with different rotational periods.
significant differences (Fig. 2), although differential rotation be- Further studies are needed to understand the complex be-
tween star and disk is present in both scenarios. For a rotatit@yior of the flow and field evolution. We will present a more
star a collimated high-speed outflow is generated close to giiailed analysis of our results in a subsequent paper.
axis during the first periods, in agreement with the GWB97 racknowledgementsive thank the LCA team and M. Norman for the
sults. However, this axial jet does not survive very long, if n@fossibility to use the ZEUS code. We further thank R. Ouyed for en-
an additional inflow of atellar windis prescribed. couraging help and valuable discussions.
Hayashi etal. (1996) and GWB97 already demonstrated that
a stellar magnetic dipole connected to a disk is deformed witHfeferences
some Keplerian periods. However, the fate of such a field geoglandford R.D., Payne D.G., MNRAS, 1982, 199, 883
etry over many rotational periods has not been investigated. QGenenzind M., 1990, Magnetized disk-winds and the origin of bipolar
may suppose that the X-ray flares found by Hayashi et al. might outflows, in: G. Klare (ed.) Rev. Mod. Astron. 3, Springer, Heidel-
be a phenomenon occurring only during the very first decades berg, p.234

of rotation until the star-field-disk system has substantially dggzg: g ggmgzz:zg m i\gg'es& 8}293’198%1300' 71

veloped fromits initial state. Althqugh we fjnd the same general,,gson A.P., Winglee R.M..@m K.-H., 1997, 489, 199 (GWB97)
structure of the flow evolution — jet and disk wind — our studMawley J.F., Stone J.M., 1996, Comp. Physics Comm., 89, 127
gives strong indication that episodic outbursts do not appe#ayashi M.R., Shibata K., Matsumoto R., 1996, ApJ, 468, L37
on longer time-scales. However, as GWB97 discuss, outburétsioh T., Matsumoto R., Shibata K., 1999, ApJ, 508, 186

are initiated from the time-dependent behavior of the accretifffler K-A., Stone J.M., 1997, ApJ, 489, 890

. . ~~~ " Ouyed R., Pudritz R.E., 1997, ApJ, 482, 712 (OP97)
disk, the structure of which we dwot treat. Our conclusion is Pudritz R E., Norman C.A., 1983, ApJ, 274, 677

that astationarydisk most probably will produce a stationarjrRomanova M.M., Ustyugova G.V., Koldoba A.V., Chechetkin V.M.,
outflow on large scales! Lovelace R.V.E., 1997, ApJ, 482, 708

We now compare our results with stationary jet models Bhu F.H., Najita J., Wilkin F., Ruden S.P., Lizano S., 1994a, ApJ, 429,
the literature. (Note that protostellar jet formation observed on 781 . )
dimensions of 1000 r; cannot yet be studied ongiobal spa- Shu F.H., Najita J., F., Ruden, S., Lizano, S., 1994b, ApJ, 429, 797

. . . . tone J.M., Norman M.L., 1992a, ApJSS, 80, 753
tial scale with the numerical codes presently available duedq .« 7'M Norman ML 1992b ApJSS, 80, 791

the lack of numerical resolution). Camenzind (1990) developegtyugo\,a G.V.,, Koldoba A.V., Romanova M.M., Chechetkin V.M.,
a basic model of jet formation from a magnetized young star - Lovelace R.V.E., 1995, ApJ, 439, L39

accretion disk system. Stationary model calculations basedUstyugova G.V., Koldoba A.V., Romanova M.M., Chechetkin V.M.,
such a scenario did not find jet solutions if a large-scale dipolar Lovelace R.V.E., 1999, ApJ, 516, 221 (U99)
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Abstract. The evolution of an initially stellar dipole type mag-1. Introduction

netosphere interacting with an accretion disk is inveStigatg\dstellardi ole tvpe maanetic field surrounded by an accretion
numerically using the ideal MHD ZEUS-3D code in the 2D- P yp 9 y

axisymmetry option. Depending mainly on the magnetic ﬁep'sk is the common model scenario for a variety of astrophysical
’ Q jects. Examples are the classical T Tauri stars, magnetic white

rength, our simulations may | veral th n f K 2 : . . 2
S.t engt L OUr S u'ato s may astse cra t ousa ds o epd?/varfs (in cataclysmic variables) and neutron stars (in high mass
rian periods of the inner disk. A Keplerian disk is assumed aga

o - . . ray binaries). Part of these sources exhibit Doppler shifted
boundary condition prescribing a mass inflow into the COrONgmission lines indicating wind motion. Highly collimated jets
Additionally, a stellar wind from a rotating central star is pre- Y - nighly J

scribed. We compute the innermost region around the stell Ve been observed from young stellar objects and X-ray bina-

et apobinganon-smahed gravionlptental 1% 4108 50k astperoc ctatons (970 e oberied
Our major resultisthatthe initially dipole type field develop 9 » mag 9 play 9

into a spherically radial outflow pattern with two main compo?-‘or the jet acceleration and collimation (Blandiord & Payne

nents, a disk wind and a stellar wind component. These Coﬁgii ,:P;:;ttztill\lloggsn 1965 Camenzind 1960; Shu et &l
ponents evolve into a quasi-stationary final state. The poloidal™_’ ' )

field lines follow a conical distribution. As a consequence of ths%elgfﬁgtlz,;ii Vgira(ljlpeam;Stgzgfiggr\:\‘j’i't?]e: rc]i?fftLTseivE:avglcuéer?igr: a
initial dipole, the field direction in the stellar wind is opposit 9 P

e ; : )
. : . . disk. Hayashi et al. (1996) observed magnetic reconnection and
to that in the disk wind. The half opening angle of the Ste"%e evolution of X-ray flares during the first rotational periods.

wind cone varies fron30° to 55° depending on the ratio of the . ;
mass flow rates of disk wind and stellar wind. The maximu |!Ier & Stone (.199.7) Gopdson etal. (;997) .|ncluded the evo-
ut.;on of the (diffusive) disk structure in their calculation. In

Zli[;ieggifutshe outflow is about the Keplerian speed at the Inrt]ﬁese papers a collapse of the inner disk is indicated depending

An expanding bubble of hot, low density gas together withh the magnetic field strength and distribution. The inward ac-

the winding-up process due to differential rotation between s%{ret'on flow develops a shock near the star. The stream becomes

. ; R ' - deflected resulting in a high-speed flow in axial direction.
and disk disrupts the initial dipole type field structure. An axial
jet forms during the first tens of disk/star rotations, howeve The results of Goodson et al. (1997, 1999) and Goodson

this feature does not survive on the very long time scale. ngleg (1999) are espeQaIIy |'nterest|ng since cpmbmmg a
: . o . : .~ huge spatial scale (2 AU) with a high spatial resolution near the
neutral field line divides the stellar wind from the disk wind. S
. . : e otar 0.1R). However, to our understanding itis not clear, how
Depending on the numerical resolution, small plasmoids [1% initial condition (a standard-viscosity disk) is really de
ejected in irregular time intervals along this field line. Within y y

cone of15° along the axis the formation of small knots can béilto\g?gr']:ﬁ?ﬁ Iirscso:ig ;Vgtgstutth?en;’rggﬁ?fg: \r:;zczselglc': iﬁf?gl]\ﬁly
observed if only a weak stellar wind is present. y 9 Y-

With the chosen mass flow rates and field strength we 'gée assumption of constant diffusivity cannot really reflect the

L Lo hal w0 component model of disk and coronal out flow.
almost no indication for a flow self-collimation. This is due Time-dependent simulations lasting onlv a short time scale
to the small net poloidal electric current in the (reversed fielg)e b g only

magnetosphere which is in difference to typical jet models. pend strongly on the initial condition and the calcu_latlon of
the evolution of such a magnetosphere om@ny rotational

Key words: Magnetohydrodynamics (MHD) — accretion aCperiods is an essential step. In particular, this is an important
y ) g y y ’ oint if the initial condition is not in equilibrium. In summary,

retion disks — ISM: jets an tflows — stars: magnetic fields — . : . ]
cre 0_ disks — 1S Jes.a dou 'OWS — Stars. magnetic eds\r/)ve note that all calculations including the treatment of the disk
stars: mass-loss — stars: pre-main sequence

structure could be performed only for a few Keplerian periods
of the inner disk (and a fraction of that for the outer disk).

Send offprint requests t€. Fendt
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At this point, we emphasize that the observed kinematfeB ~Vx(wxB)=0 )
time scale of protostellar jets can be as largd @s-10* yrs, Ot ’
corresponding t& x 105 x 10° stellar rotational periods (andvy . B — 0, (3)

for the HH30 jet (Burrows et al. 1996) give a knot velocity 0;9 gv
about100-300kms~! and a knot production rate of about 0.4 ot

knot per year. Assuming a similar jet velocity along the wholghere B is the magnetic fieldy the velocity,p the gas density,
jet extending along 0.25 pc (Lopez et al. 1995), the kinemati€the gas pressurg,= V x B/4r the electric current density.

age is about 1000 yrs. . _ _ ~and® the gravitational potential. We assume a polytropic ideal
A different approach for the simulation of magnetized windgas p — K57 with a polytropic indexy = 5/3. Similar to

from accretion disks considers the accretion disk ‘only’ as@pg7. we have introduced a turbulent magnetic pressure due
boundary conditiorfor the mass inflow into the corona. Sincgy alfvén waves,Py = P/Br, wherefr is assumed to be

the disk structure itself is not treated, such simulations may 13glnstant. OP97 considered the turbulent magnetic pressure in
over hundreds of Keplerian periods. This idea was first appligeyer to support the cold corona of e.g. young stellar accretion
by Ustyugova et al. (1995). Extending this work, Romanova gfsks for a given gas pressure. Clearly, the assumption of a

al. (1997) found a stationary final state of a slowly coIIimatinonstaan is motivated by the reason of simplification. Using

disk wind in the case of a split-monopole initial field structurgimensionless variables, = r/r;, 2’ = 2/z, v' = /v,

after 100 Keplerian periods. Ouyed & Pudritz (1997, hereaftgr — triJvi, p = p/pi, P' = P/P,, B' = B/B;, ¥ =
OP97) presented time-dependent simulations of the jet form_aI/m,, where the index refers to parameter values

tion from a Keplerian disk. For a certain (already collimating}; the inner disk radius;, the normalized equation of motion
initial magnetic field distribution, a stationary state of the j&yentually being solved with the code is

flow was obtained after about 400 Keplerian periods of the in- | ., , L ,
ner disk with an increased degree of collimation. In a recelil” (/. V') ¢/ = 2j'x B V(P +P) Ve . (5)
extension of their work both groups were considering the influ2t’ 0 B p' i p'

ence of the grid’s shape on the degree of collimation (Ustyugovge coefficientsd; = 87 P;/B2 andd; = pv% ,/P; with the

etal. 1999) and the effect of the mass flow rate (Ouyed&Pudrigeplerian speed ; = \/W correspond to the plasma

1999). Ouyed & Pudritz (2000) investigate the problem of J'Gf)teta and the Mach number of the rotating gas. For a ‘cold’

stability and magnetic collimation extending the axisymmetrl{,‘l)rona withP, > 0, it follows Bz = 1/(6;(y — 1)/v — 1)
A ’ - 7 .

simulations to 3D. In the following we will omit the primes and will discuss only

In this paper, we are essentially interested in the erIUtionr(?érmalized variables if not explicitly declared otherwise.
the ideal MHD magnetosphere and the formation of winds an Note that in our figures the horizontal axis is always the

jetsand notinthe evolution ofthe disk structure itself. Therefore,, i -0 4 the vertical axis is theaxis.
we do not include magnetic diffusivity into our simulations. The

disk acts only as a boundary condition for the corona/jet regian. . L
The winding-up process of poloidal magnetic field due to stroryg 1 "€ Model —numerical realization

differential rotation between the star and the disk would alwaysgeneral, our model represents a system consisting of a central
be present even if a disk diffusivity would have been taken ink®ar and an accretion disk separated by a gap. Star and disk are
account. The disk diffusivity will never be so large that a rigi¢hitially connected by an dipole type magnetosphere. Axisym-
rotation of the magnetosphere in connection with the disk cafetry is assumed. The stellar rotational period can be chosen
be maintained. arbitrarily. The disk is in Keplerian rotation. Disk and star are
In that sense our simulations represent an extension of tgren into account as an inflow boundary condition. It has the

OP97 model, taking additionally into account the central stggvantage that the behavior of the wind flow can be studied
as a boundary condition and a stellar dipole type field as initiadependently from the evolution of the accretion disk.
condition. First results of our simulations were presented in Thjs is an essential point, since the numerical simulation of
Fendt & Elstner (1999, hereafter FE99). Here we give a motige magnetized disk structure represents itself one of the most
detailed discussion together with new results. Movies of odpmplicated and yet unresolved problems of astrophysics. It is
simulations will be provided undéattp://www.aip.detcfendt  therefore unlikely to find a proper disk initial condition which

is in equilibrium. Yet, all MHD disk simulations could be per-
2. Basic equations formed only for a few Keplerian periods (e.g. Hayashi et al.

1996, Miller & Stone 1997; Kudoh et al. 1998). A global solu-
Using the ZEUS-3D MHD code (Stone & Norman 1992a,hjon of the disk-jet evolution does not yet seem to be numerically
Hawley & Stone 1995) in the 2D-axisymmetry option Wgeasiple.

solve the system of time-dependent ideal magnetohydrody- The general disadvantage involved with such a fixed disk

inner disk rotations)! For example, proper motion measurement
T +(v-V)v} +V(P+Pa)+pVE—3jxB=0,(4)

namic equations, (plus star) boundary condition is that the fundamental question
ap of the wind/jet formation evolving out of the accretion disk
Erid (pv) =0, (1) cannot be investigated.
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3.1. Numerical grid and initial condition

e

Prescribing a stable force-equilibrium as initial condition is e&«~
sential for any numerical simulation. Otherwise the simulation
will just reflect the relaxation process of such an unstable (and
therefore arbitrary) initial condition to a state of stability. In
particular this would be important if only few time steps are
computed.

In our model, we assume an initially force-free (and alsq)m__
current-free) magnetic field together with a density stratifica-
tion in hydrostatic equilibrium. Such a configuration will re- .

7 e
main in its initial state if not disturbed by a boundary condition. L ety | ?

o e e o 3/a
The initial density distribution ig(r, z) = (r® + 2%)%/*. The Fig. 1. Numerical model. Active region (white) and boundary region

gravitational point mass is located half a grid element below th&tem). Star, gap and Keplerian disk are prescribed alongitifeow
origin. Due to our choice of cylindrical coordinates we cann@bundary with the stellar radius., inner disk radius; = 1.0, and

treat the stellar surface as a sphere. Alongsth@ightlowerr-  maximum radius..... The numerical grid size &50 x 250. For clari-
boundary we define the ‘stellar surface’ from= 0 tor = r,, fication, the poloidal field lines of the initial dipole type magnetic field
agap fromr = r, tor = r; = 1.0, and the disk fromr = 1.0 are shown as a sketch. The field smoothly continues into the ghost
tor = 1oy (See Fig. 1). ZOnes.

We have chosen an initial field distribution of a force-free,
current-free magnetic dipole, artificially deformed by (i) the ef- . . .
fect of ‘draggingq of an agcretion disk,);nd (i) an ‘oge(rzing’ 0 .z-offset,z% % r./V'2. This offsetavoids un-physically strong

L Do I{1eld strengths close to the stellar surface, but leaves the field
a force-free configuration. Again, we emphasize that such a
rce-freeinitial field is essential in order to apply a hydtatic
corona as initial condition.

=

\\
jno

)

N

.

N

distribution is calculated using a stationary finite element co
described in Fendt et al. (1995). In this approach, the axisy
metricp-component of the vector potentidl, is computed (as

solution of the well-known Grad-Shafranov equation) using a

numerical grid with twice the resolution of the grid applied ir8.2. The boundary conditions
the ZEUS code. Ouir finite element code allows for a solution

the stationary boundary value problem foty boundary con- ?Le boundary condition for the poloidal magnetic field along

the inflow boundary is fixed to the initial field. The magnetic

dition. Thus, we are able to define any force-free solution ﬁax from the star and disk is conserved. The field along the

initial condition for the simulation. :
With that, from the vector potential the initial field distribu-IOV\l/ﬁ]r di?”Z%iré‘?ﬁjnofﬁ?ﬂfesTﬁ%?j;f’;hft,?évtinﬁg dEgc.)r(rZ).o Tf; t
tion for the time-dependent simulation is derived with respe%? y 9 P

i IS By = p;/r for r > r; with the parameteg; = By ;/B;. No
tothe ZEUS-3D staggered mesh, toroidal field is prescribed at the stellar surface.

Bo(i,5) = 2(Agsijr1 — Agsi)/ (17141 — 755) 5 Hydrodynamic boundary conditions are ‘inflow’ along the
B.(i,j) = — (Apsit1,j — Apsirj) [ (rij (rix1,; — 1)) . (6) r-axis, ‘reflecting’ along the symmetry axis and ‘outflow’ along
Here, the first and second indéand j denote thez- and - the outer boundaries. The inflow parameters into the corona are

direction, respectively. A suitable normalization factor is muP—lEEf'neOl with drg-sie?hto the thrt_ee‘_dl_ﬁeregf _bounrgj ary regions —
tiplied in order to match the field strength defined by the coeffila> 9ap and disk. The matter is ‘injected” into the corona par-

cients3; ands;. With this approach the maximum normalizec!!€! to the poloidal field linesyiy; (r, 0? - ’?WK(T)BP/BP
V. Blis 10~ and|j x B| = 0.01|B] with a densitypin;(r,0) = n; p(r, 0). This defines the normal-

The boundary conditions for the initial magnetic field disi—zed mass flow rate in the disk wind,

tribution calculated with the finite element code are the follow- /rouc ( 1 ) -
D — 271’ . 8

ing. (i) A dipolar field along the stellar surface< r, given Pinj,D Vinj,D A1 = 271 DFiD
as Dirichlet condition; (i) a homogeneous Neumann condition
along the gap between star and disk; (iii) a detached dipolar fi@ldditionally to the disk wind boundary condition, we assume
along the disk (as Dirichlet condition), a wind component also from the stellar surface: r,.. The
1 r2 _ L _s/2 density profile of the stellar wind injection is the same as for the

Ay(r) = (r W) A(r); with A(r) =77, (7)  disk pinj .« (7, 0) = 1ix p(r, 0). In the examples discussed in this

) b . aper, the injection velocity is chosen as constgt, (r,0) =
and (iv) a homogeneous Neumann condition along the ouler ,, - p_ /B, This gives a mass loss rate of the stellar wind
boundaries. This implies a poloidal field inclined to the dis ’mpc’)nent of
surface which would support magneto-centrifugal launching of
a disk wind. The amount of ‘dragging’ can be defined by choos- T 1 1
ing a different functiond(r). The initial field is calculated with */x = 27 /T Pinj,x Vinj,x A1 = 27005 i x <\/7TO B \/ﬁ> )

0

. Ty Tout
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In this caser is the radius of the center of the innermost gridiable 1. The table shows the parameter set varying for the four sim-
element (thex2b(3) value in the ZEUS code staggered meshjation runs S2, S4, L3, L5. Simulation L1 is from FE99. All the
and is therefore biased by the numerical resolution. other parameters remain the samie € 1.0, 8r = 0.03, 6; = 100,
This is motivated partly by numerical reasons and partly by = —1.0, 7+ = 0.5).
the fact thastellar windsare indeed observed. Concerning the - -
first point, the initial setup of a force-free magnetosphere will Kix KD  TMix mp 2  Mp/M,
be distorted within the very first evolutionary steps giving risel - 107 - 100 - -
to Lorentz forces. These forces disturb the initighrostatic 10-° 10% 10° 1 1 05
equilibrium resulting in a mass outflow from the regions above '
the star. As a consequence, this part of the magnetosphere §l 10~ 107° 10° 10° 1 2.8
be depleted of matter, if no additional mass inflow from the sth? 10_1 10_; 200 200 1 18
is present. The small density implies a strong decrease in , 107° 1077 10° 100 1 0.2
numerical time step discontinuing the simulation. * Disk injection velocity profile isv v (r)
On the other hand, an additional mass flow from the stellar

surface is not unlikely. Stellar winds are common among actiyGoid artificial effects during the first time steps until the field
stars, most probably being present also in the systems inv§Siribution has evolved from its initial state.

tigated in this paper. Yet, it is not known whether stellar JetS - g stapility of our initial condition is demonstrated in
originate as disk winds (Pudritz & Norman 1983) or as a stellgfy A 1 showing an overlay of several initial time steps of an

wind (Fendt et al. 1995). Variations of the ‘standard’ protostely s mple simulation without a stellar rotation presented in FE99.
lar MHD jet model usually deal with a two-component outflowe gensity and field distribution in the yet undisturbed regions

(Camenzind 1990; Shu et al. 1994). Model calculations of th@ ety match during the first decades of evolutior:(75).
observed emission line regions also indicate a two-component

structure (Kwan & Tademaru 1995). Therefore, the stellar wind . .
boundary condition seems to be reasonable. 4. Results and discussion

The ratio of the mass flow rates in the two outflow compan the following we discuss the results of four example simula-
nents will definitely influence the jet structure. Therefore, Wgons denoted by S2, S4, L3, L5 (see Table 1). All the simulations
have chosen different values for that ratio in our simulatiofsesented in this paper consider a rotating star at the center. The
(Table 1). Long-term evolution runs over several hundreds &i|lar rotational period is chosen@s = (vx;/R;) = 1, with
rotational periods we have only obtained considering a rathgagnetospheric co-rotation radius located at the inner disk
strong stellar wind flow which stabilizes the region close to thgdius. The evolution of a non-rotating central star is discussed
rotational axis. Since the velocity and density profiles decreagerE99, although it was not possible to perform the simulation
rather fast along the disk, the contributionfy;s from radii 3¢ long as the examples presented here.
larger thanr..,; is negligible. N ~ As a general behavior, the initial dipole type structure of

The electro-motive force boundary condition along the ifihe magnetic field disappears on spatial scales larger than the
flow axis is calculated directly from the prescribed velocity an@ner disk radius and a two component wind struetdra disk
magnetic field distributionf (r) = v(r) x B(r). Note that \ind and a stellar wind — evolves. Our main result is the finding
magnetic field and velocity have to be taken properly from thg 3 quasi-stationaryfinal state of a spherically radial mass
staggered mesh points in order to gfer) as aredge-centered oytflow evolving from the initial dipole type magnetic field on

property. In the case of a stellar rotatigh# 0 for r < r.. the very extended time evolution. For the boundary conditions
applied the calculated flow structure show only few indication
3.3. Numerical tests for collimation.

The general features in the evolution of the system are inde-
Before applying the ZEUS-3D code to our model we performEndent from a variation of the field strength. For strong fields,
various test simulations, in particular a recalculation the OP8yg eyolution is faster. Thus, for simulations which are limited in
2D jet simulations (see Appendix). Our choice of initial densityme due to numerical problems, a decrease in the field strength
distribution is stable with very good accuracy. Following OPQ{ouId not help. Although the numerical life time of the simu-

this was tested by a run without the inflow boundary condiation would be accordingly longer, the result for the final time
tions and magnetic field. Another signature of our proper initigiep will be the same.

magnetohydrostatic condition is the stability of the hydrostatic
initial condition during the simulation itself. ) ) )
Force-freeness of the magnetic field distribution can el- Four simulations of the long-term magnetospheric

tested by calculating thg(r, z) ~ V x B current distribu- evolution — an overview

tion which ideally should vanish as a consequence of the initighe four example simulations basically differ in the mass flow
condition applied. Force-freeness can not fully be satisfied Whefies from disk and star and the size of the physical domain in-

transforming the finite element solution to the ZEUS code initigkstigated (Table 1). All other parametefs= 1.0, §; = 100,
condition, however, an error 6f01 % is acceptable inorderto , — _1.0, », = 0.5, v = 5/3, and the numerical mesh of
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0.007 0.100
Fig.2. Simulation S2 in a box of20 x 20r;. Shown are density (grey scale) and poloidal field lines (contour lines)t foe
0, 10, 20, 30, 50, 100, 200, 300, 500, 1000, 2500 (from left to right and top to bottor). The density at the inner disk radius gs = 1.0.
The legend shows the density limits used for the color coding (which itself uses the inverse density profile). The stellantagiusis:;.

Fig. 3. Simulation S4 in a box of0 x 10 ;. Density and poloidal field lines. Notation equivalent to Fig. 2. Time step9), 10, 40, 400, 600¢;.

250 x 250 grid elements remain the same. The first simulatian possible weak wind solution already by the boundary con-
(solution S2) considers a rectangular box of physical size dfition. The disk wind boundary condition is the same as in
20x20 inner disk radii (Fig. 2, Fig. 5, Fig. 7). The stellar windDP97 and FE99. Due to the relatively large physical size of
mass flow rate is comparatively larg¥, /MD = 2. The stel- the computational domain the stability of the initial condition
lar wind injection velocity is very low in order to not disturbcan be observed for several decades of rotational periods. The
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Fig. 4. High resolution simulation L3 in a box df x 57;. AboveDensity and poloidal field lines. Notation equivalent to FigB&low
Contour plots of the toroidal magnetic field strength. The toroidal field is positive (negative) outside (inside) the neutral line. Time steps are
t =0, 10, 20, 80, 160 (from left to right).

torsional Alfven waves leave the grid after abgut 40. The 4.2.1. Winding-up of the poloidal field
second simulation (solutiof4) considers a rectangular box of - . - .
physical size of 10x10 inner disk radii (Fig. 3, Fig. 5, Fig. 7Thewmdmg-up process of poloidal magnetic field due to differ-

Now the total mass flow is dominated by the disk wind Thgntial rotation between star and disk and the static initial corona
choice of parameters can be directly seen from the sim-ulati'(r)]ﬁjuces a toroidal field (Fig. 4) with a positive sign along field
ines located outside the slowly emerging neutral field line. In-

by comparing the size of axial flow and the ‘bubble e\/Ol\llngide the neutral field lind4 has negative sign. This is in differ-

from the disk flow. Clearly, the disk flow is more prominent. Th nce to OP97 and other simulations assuming a monotoniccall
third (solutionL3) considers a rectangular box of physical siz§. i S 9 y
istributed initial field.

of only 5x5 inner disk radii (Fig. 4, Fig. 6). Similar to solution : , . .
S4, the total mass flow is dominated by the disk wind. This hiqh. _Tor_S|onaI Alfven waves propagate outwards distorting the
nrHt'al field structure. After about = 40 these waves reach the

resolution simulation zooms into the innermost region arou lter boundary (Fig. 2). The region beyond the wave front re-
the star. In particular, the neutral line is clearly resolved. Wa y (F19. 2). 9 Y

finally discuss another exampleX) in which the stellar wind mains completely undisturbed. The region between theahifv

is dominating the disk wind. This simulation perfectly evolve\#vba\./e front and the ﬂO\.N b(.)W sho_(_:k IS adjus_te_d toanew equi-
ibrium and also remains in equilibrium until it is reached by

into final stationary state. For L5 the velocity injection proﬁlt%\he generated outflow ( See the density contour lines close to

is chosen differently from the examples discussed above in ¢ ré disk in Fig. A2 The arev scale densitv blots cannot show
der to increase the disk flow magnetization. All parameter ruf)s 9. Ac. grey yp

show  smiargross behaviorindetng tatour run 52 il °211E) MU, s Afer e TonC e roepete et
lowest resolution is sufficient in order to investigate the ma P

; : . field line structure of the closed loops in Fig. 2 for< 30).
features of the flow evolution. In general, a high stellar wi : . X -
. - he distortion of the force-free field due to propagating Alv
mass loss rate will stabilize the outflow. . L N
waves results in Lorentz forces initiating an axial ‘jet’ feature
close to the axis. As we will see later, this axial jet, however, is
4.2. The first evolutionary stages a transient feature.

During the first stages of the long-term evolution the magne The winding-up of poloidal magnetic field seems to be sim-

t -
spheric structure is characterized by the following mainfeaturé%“r to the effect proposed by Lovelace et al. (1995). However,

Thewinding-upof the dipolar poloidal field, the formation Ofaln'our case, this process is initiated by the differential rotation
neutral field ling atransient axial jeffeature, a two componentbetween. sta_r and.hyd.rostatlc corona. Only later, t.he wound-up
outflow consisting of atellar windand adisk wind toroidal field is maintained by both, differential rotation between

star and disk and the inertia of the outflow.
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4.2.2. A neutral field line dividing stellar and disk field centrifugal acceleration along the inclined dipole type field lines

of the initial magnetic field imotthe acceleration mechanism.

. ) e . ore above the disk also the Lorentz force along the field con-
f!EId I'|ne.of 'var.nshmg' field strength. The .mattgr around th Tibutes to the acceleration (see Sect.4.4.3.). gIl'he inclination
field line is distributed in a layer of low density (Fig. 4). Aroun apgle between field lines (equivalent to the outflow direction)

this layer an expanding ‘bubble’ is formed due to the additiongnd the disk depends on the mass flow rate. For the parameter

magnetic pressure due to toroidal fields which disrupts the 'n't.?nge investigated we see no indication for a disk wind collima-

dipo!ar fi(_ald struqture (Fig. 3). When the bubble has Ief_t the gri ibn because the Lorentz force points away from the axis (see
the field lines which are separated by the the neutral line rem '&ow)
disconnected. This is due to the differential rotation between '
star and disk. The actual appearance of the axial jet and the low

density bubble depends mainly on the mass flow rates from d#sR.5. The stellar wind
and star. The bubble is most prominent in simulation S4 wh

the disk mass flow rate is largest.

The wound-up magnetic field lines stretch forming a neutr

®tfie rotating stellar magnetosphere generates a stellar wind. Due
to the strong magnetic field close to the star the flow starts
sub-Alfvéenic. It is initially magneto-centrifugally driven with a
4.2.3. A transient axial jet feature roughly spherical Alfeén surface located at5r; (L3) or closer

In the beginning of the simulations a jet feature evolves alorqsz’ S4, L5) to the stellar surface. The most dominant flow
g g J p%ttern of the stellar wind is in the part with the widest open-

the rotational axis. Its pattern velocity is abdu vk ; (S2) . . ;
or 0.3 vk ; (L3). Such an axial jet is known as a characteristfcr:]g angle (Fig. 5). Although the Lorentz force points radially

; . . . mwards no collimation is observed because of a strong pres-
result of MHD simulations performed in the recent literatur gp

(Hayashi et al. 1996; Goodson et al. 1997, 1999; Goodsonfgg?vgersafd;g:et} I(:))r?EI?)Cvde”r]?hgﬂ tt?](ee rgiisksv\ll?:j (rlilitesst; e stellar wind
Winglee 1999; Kudoh et al. 1998). It is often claimed that this 9-9)-

feature is connected to the real (protostellar) jets observed on

the AU-scale. Apart from the fact that the spatial dimension adeB. The long-term evolution
velocity do not fit with the observations, we will see that the, long-term evolution of the flows depends critically on the

forrr_1a_t|_on of this featgre Is a result of the ad]qstmer_w_t proces?éoice of inflow boundary conditions into the corona. The to-

th_e |n_|t|ally hydrostatic state to a new Qynam|c equilibrium a I mass flow rate into the corona determines how fast the flow
will disappear on the long-term evolution. will establish a (quasi-)stationary state. The stellar wind - disk

Wi.nding-u_p of the_ initially_forcg—free mag_netic figld by dif- ind mass flow ratio determines (i) the opening angle of the
ferential rotation during the first time steps immediately lea Sitflow, (i) the opening angle of the cone of the neutral line

to a not force-free field configuration. The resuiting magnelignich is the boundary layer between the stellar wind and the

forces accelerate the material of the initially hydrostatic CoronA. \vind. and (iii) the stationarity of the axial flow (see Ta-

forming an axial jet. This process works as long as initially di%ﬁ 2). In general the outflow undergoes a highly time-variable

tributed coronal matter is present at this location. As time devg— turbulent evolution. However. after relaxation of the MHD
?hps ttheiljet fgaéut:e becortr;]es dweqker ?Hd weatI:er. D'Sg tWhmd éjtem from the initial magneto hydrostatic state into the new
€ steflarwind become the dominant flow pattern and (e ax namicalequilibrium, we observe an outflow from disk and

JE’;t ?'es I(_)ijt éfé%;aboﬁb 100 (tF:Ig 2)'. Ir:jqomgans:)rlhm sim- stlar distributed smoothly over the whole hemisphere and mov-
utation ( ), where a stellar wind is absent, the coro predominantly in spherically radial direction.

density along the axis decreases until it is below the numerical |)9 In simulation S2 the flow structure is highly time-variable

critical yalue a_nd the simulation stops. - . over many hundreds of periods. The intermediate region be-
The intermittent character of the axial jet flow is best segl

in th locity struct Fia.5). Th locit : t th ween the two components — stellar wind and disk wind — is
In fthe veloclly struc ure_( '9- )'. € velocily vectors of &y 3 racterized by turbulent motions of very low velocity. But
axial flow are argest during the first time steps. However, aftsto the disk wind seems to be unstable. During the intermedi-

sweeping-out the initial corona, a weak wind flow from th‘a:‘lte time evolution only the flow pattern along thaxis relaxes.
stellar surface succeeds the jet. Compared to the evolution of the stellar wind, the disk wind
needs definitely more time to establish a stationary structure.
4.2.4. The disk wind However, after all these turbulent evolutionary steps, with few
changes in the general appearance of the flow pattern over hun-

_The d'?k_ er_1d accelerates W'.thm tens of grid Qlements fro reds of rotational periodsfter about 2000—-2500 rotations a
its low injection speed to fractions of the Keplerian speed. The

) S . . Uasi-stationary outflow has been establisiozdr the whole
acceleration mechanism is mainly due to the centrifugal for

the disk matt hing th taii h id (Fig. 2). Only the region around the neutral line dividing
on the disk matter reaching the hon-rotating corona, Wnere i), 4q' disk wind and the region along thaxis is sub-
gravitational force is balanced by the pressure and not by a cen

trifugal force as in the disk. The flow is already super Afiic Ject to small spale |'nstab|I|t|es. Interestingly, the flow. along the
gmmetry axis which shows a stable behavior during the in-

duetothe weak dipolarfield strengthinthe disk. Thus, magnefefmediate time evolution, finally becomes unstable. A conical
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Fig. 5. Evolution of the poloidal velocity in the simulations Sefand  F19- 6. Highly time-resolved evolution of simulation L3. Poloidal
S4 (ight). Time steps (frontopto botton). ¢ = 10, 20, 100, 500, 2500 magnetic field linesléff) and density contoursight). Time steps

(S2) andt = 5, 10, 20, 100, 600 (S4). Vectors scale only within each? = 200, 201,202, 203, 204 (from top to bottom).
frame.

cone dividing stellar wind from disk wind has been increased
flow consistent of a knotty structure evolves with a full openingompared to the intermediate time steps. This de-collimation of
angle of30°. At this time the opening angle of the neutral layethe outer flow causes a de-stabilization of the axial flow. In this
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sense, the stellar wind flow is stabilized by the ambient (dislensity at this point. The disk wind has not yet accelerated to
wind) pressure. The formation of knots and instabilities aloriggh velocities. This is due to the wide opening angle of the stel-
the symmetry axis depends on the stellar wind mass flow réaewind cone and the small physical grid size. The flow velocity
(see below). The full opening angle of ‘knot flow" is about89) along the axis abouit.5 vk ;. For solution L5 the ‘asymptotic’
50°. We emphasize that due to the knot size and knot spacisgeed of the stellar wind is low ant vk ;. The velocity profile
these features are not correlated to the observed knots of prigdn general similar to that of solution S4.

stellar jets. It seems more related to QPO’s observed in X-ray The duration of our simulation runs (L3, L5, S2, S4) is not
binaries. The knot velocity is about 10% of the Keplerian speédhited by numerical reasons. They have been terminated when
at the disk inner radius. the flow evolution has reachedjaasistationary state. For sim-

In simulation S4 the quasi-stationary state is reached earligaition S2 this means that after about 2500 rotations the main
after about 200 inner disk rotations according to the smaller bpattern in the flow evolution does not change anymore. In partic-
size (Fig. 3). The region around the neutral field line is resolveithr, the outer part of the wind flow does not vary in time, while
better. We observe the formation of a wavy structure with &mots are still generated along the axis. For simulation S4, after
amplitude 0f0.5 r; and a wavelength of. These ‘waves’ travel 400 time steps most of the flow region is in a stationary state.
outwards and leave the grid. The wave generation is somewBaty the wavy structure along the neutral field line, which is
arbitrary in time. Whereas the region enclosing the neutral lay@so connected to the formation of knots, continuously evolves
first seems to have reached a steady state at abeut00, at and disappears. This structurenista dangerous instability for
t = 600 the wave structure evolves again. This is related the outflow (see also Fig. 7). For solution L3, the simulation has
the evolution along the symmetry axis. Here, in the contrary,la@en terminated when parts of the flow (the outer disk wind
t = 100 the simulation still showed a wavy pattern, whereas #ibw) had reached a stationary state. The inner solution close
t = 600 a smooth steady state has evolved. The flow structucethe axis does not reach such a stationary state. In this case,
att = 400 seems to be completely smooth and stable. Tler intention is to investigate the neutral line with better spatial
long-term evolution shows that this stability is in fact a transiengésolution. Simulation L5 was terminated some time after the
feature as far asthe neutral layer regionis concerned (see belatgtionary state has been reached for the whole outflow.

Simulation L3 shows that the neutral line has a complex
s;ructure. Two current shgaths emerge, one from the stellariﬁ_ A stationary final state: a radial outflow evolved
dius, the other from the inner disk radius (Fig.4). These are from an initiallv diool tosph
o . , i . y dipolar magnetosphere
indicated by the density and poloidal magnetic field ‘islands’
emitted along this field line (Fig. 4, time step 80 and 160). Fig.Bhe main result of our simulations is that the initial dipolar
shows the evolution of the solution L3 with a high time resanagnetosphere evolves into a spherically radial outflow con-
lution At = 1 aftert = 200. At this time the simulation has sisting of two components. Depending on the inflow parameters
not yet evolved into a quasi-stationary state. It can be seen hgnass flow rates, magnetic field strength) our simulations reach
plasmoids are formed and move outwards along the neutral lingjuasi-stationary state. A weak non-stationarity may be present
Most probably, this would be a region of on-going reconnectiatong the neutral field line, which is dividing the stellar wind
processes. A similar behavior was found first by Hayashi #om the disk wind. Also, for a weak stellar wind flow a turbu-
al. (1996) including also magnetic diffusion in their treatmenlent flow pattern may evolve along the axis. Such outflows we
However, the simulation lasted only for one inner disk rotaall quasi-stationaryif the main flow pattern does not change
tional period (with a star at rest). Our long-term simulatiorig time. The disk wind and the outer cone of the stellar wind
show that the formation of such plasmoids will continue. We deach a kind of stationary state, where the density profile and
not believe that the lack of diffusion in our treatment is a seriodield line structure remain almost constant in time.
problem concerning this point because the time scale given by For the S2 solution the half opening angle of stellar wind
the plasmoid velocity is smaller than the time scale given lepne is about5°. This angle remarkably changes during the
magnetic diffusion. flow evolution. During the initial evolutionary decades the tur-

Fig. 5 shows the poloidal velocity vectors of the simulatiorfsulent region between the stellar wind and the disk wind colli-
S2 and S4 at selected time steps (compare to Figs. 3 andmted the stellar wind to a narrower cone. Clearly, such a neutral
The general feature is that the axial jet feature seen in the fiige is a rather unstable situation. Reconnection will most prob-
time steps disappears. The outflow exhibits a two-componely occur which we cannot properly treat with our ideal MHD
structure. Depending on the inflow density profile the ‘asymppproach. Increasing the numerical resolution (simulation L3)
totic’ (i.e. close to the grid boundaries) velocity profile changeshows the emission of plasmoids along the neutral line (see be-
slightly. High velocities (larger than ;) are only observed far low). Fig. 7 shows an overlay of three time steps of solution S2 at
from the axis. For solution S2 we obtain an asymptotic speedtof= 2600, 2650, 2700 clearly indicating the stationary charac-
1.5 vk ; for both components with a velocity profile decreasintgr of disk wind and most parts of the stellar wind together with
across the neutral field line. The flow velocity along the axis ke non-stationary axial flow and the small-scale wave pattern
0.2 vk ;. For solution S4 the asymptotic speed df vy ; forthe along the neutral field line.
stellar wind component and with a velocity profile increasing Inthe case of solution S4 the quasi-stationary state is reached
across the neutral field lin2vk ;. The latter is due to the low earlier after about = 400 (Fig. 3). The comparatively large
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5

Fig. 7. Evolution of simulation S2 (up-
per) and S4 (lower) on the very long
time scale. Shown are overlays of the
poloidal field lines left) and density con-
tours fight). Three time steps are super-
posed,r = 2600, 2650, 2700 (S2) and

Z Z T = 575,600, 625 (S4).

Table 2. Terminal poloidal velocity of the wind components from theS2. The stationarity of solution L5 will be investigated in more

disk vy ik, from the starv; 'S, along the axis, axia1, @and from  detail below.
the gapupza,,, time when stationary state has been reachednd The blobs (or rather tori) generated in simulation S2 move

the inclination angle between disk and neutral layéor the different \yith pattern speed of about 0.1 the Keplerian speegl atheir

simulations. size is about the inner disk radius but depends from the mass
— — _ — flow ratio and the numerical resolution. We emphasize that due
Up.disk  Upsstar  Upaxial  Up.gap fs a to the knot size and time scale of knot formation in our simula-
L1 10 ? ? ? ? ? tion, their connection with the jet knots observed in protostellar
S2 1.0 15 0.2 15 2500 35° jets on the large scale distance of tens of AU is questionable.
S4 15 2.1 0.6 15 400 60° This statement also holds for comparable structures observed in
L3 1.0 1.3 0.2 1.7 ? 50° similar simulations presented in the literature (Ouyed & Pudritz
L5 09 1.0 0.2 3.0 150 35° 1997, Goodson et al. 1997, 1999; Goodson & Winglee 1999).

On the other hand, from the unstable character of the axial
flow together with the lack of collimation we may conclude that
the model configuration investigated in our paper is unlikely to

stellar wind mass flow rate stabilizes the flow along the axsoduce collimated jets. Furthermore, we hypothesize that this
and no turbulent pattern evolves. On the other hand, duebihavior may be the one of the reasons why highly magnetized
the low disk wind mass flow rate the half opening angle star-disk systems—containing magnetic white dwarfs or neutron
the neutral line cone is smaller. It 3° compared td5° for stars — do not have jets.
solution S2. Again, Fig. 7 demonstrates the stationarity of the In general, the maximum terminal poloidal velocity is of
simulation with an overlay of three time steps 575, 600, 625. the order of the Keplerian speed at the disk inner radius (see
In comparison with solution S2 now the whole flow pattern isable 2). The speed is highest along the field lines from the gap
stationary. In particular the region along the axis remains stabiele to the low flow density. The axial flow speed is low. Its
The only time-dependent feature is the neutral line exhibitingw@ass density depends on the injection parameters and could be
slowly variable wave structure. relatively large (S4, L5) orlow (L3, S2), butis generally less than
Increasing (i) the total mass flow rate and (ii) also the stel9% of the density at the inner disk radius. The maximum stellar
lar wind to disk wind mass flow ratio will result in an almostwind speed is reached along field lines with the largest opening
perfectly stationary flow (solution L5; see below). Having a singngle and is above the Keplerian speed at the disk inner radius
ilar mass flow ratio, also the opening angle is similar to solutidfig. 5). The same holds for the maximum disk wind speed.
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However, in this case the maximum speed is reached along tine OP97 field distribution together with a central dipole might
field lines with a foot point at small radius. This is partly duelo the job. Still, the problem would be the very different field
to length of the acceleration distance, partly due to the ramttength of both components, since the dipolar field will de-
rotation of the disk material at small radii. crease by a factor of 10-50 towards the inner disk radius. Thus,
the stellar field is always dominating the numerical simulation.
We defer the treatment of such a completely new numerical
setup to a future paper.
In all our different simulation runs we never observe a signa- Apart from this argument concerning a flow self-collimation
ture of dipolar accretion as it is would be expected from models mention the hypothesis raised by Spruitetal. (1997) claiming
of young stellar jet formation (e.g. Camenzind 1990, Shu et #hat a “poloidal collimation” is responsible for the jet structure.
1994). Instead, a magnetically driven wind develops from tf8uch a poloidal collimation would rely on the magnetic pressure
stellar surface. Note that this strong stellar outfloywesmitted onto the jet flow from the disk magnetic fietditsidethe jet.
but not prescribedy the inflow boundary condition along theTheir condition for poloidal collimation, a disk magnetic field
star, since the inflow velocity is very low. We emphasize thaistribution Bp ~ r—¢ with ¢ < 1.3, is clearly not satisfied
eveninour simulation L1 for a non rotating star (Fendt & Elstném our case of a dipole type field distribution along the disk
1999), where no stellar wind can develop, no dipolar accreti@mhich is conserved from the initial condition because of flux
occurred. Therefore, we believe that it is not the boundary catenservation). For a dynamo generated field in the disk this
dition which prevails the matter from falling from the disk tacondition is satisfied (Rdiger et al. 1995). This holds also for
the star. In fact, dipolar accretion has never been observedtis disk field distribution of OP97. In this sense, our simulations
the literature of numerical MHD simulations considering thare consistent with Spruit et al. (1997), although we do not
star-disk interaction (e.g. Hayashi et al. 1996, Goodson et atgue that our results support their hypothesis that “poloidal
1997, Miller & Stone 1997), but this might also be caused lypllimation” is the main process to produce jets.
the comparatively short time evolution in those simulations. ~ We further note the results of Ustyugova et al. (1999) who
We think that the main reason that hinders the dipolar aglaim that the shape of the numerical box influences the degree
cretion is the choice of the co-rotation radius equal to the inngfrcollimation. A rectangular box extended along the symme-
disk radius. Only disk material orbiting inside the co-rotatiotry axis would lead to an artificial flow collimation, whereas
radius could be accreted along the field lines. a quadratic box simulation (as used in our simulation) did not
It is clear that such an accretion process along convergirggult in a collimated structure. A recent study by Okamoto
field lines is difficult to treat numerically. Certainly, this impor{1999) also has raised strong arguments against a MHD self-
tant topic has to be investigated more deeply. We defer this toalimation. In particular, he claims thalectric current-closure
future paper. will inhibit a self-collimation, a point which is not always con-
sidered in MHD jet models. Current-closure, however, is satis-
fied in our model due to the reversed dipole type initial field.
Nevertheless, strongly collimated astrophysical jet flows are
The quasi-stationary two-component outflow obtained in ogbserved. For the moment we speculate that an increase of the
simulations shows almosito indication for collimation This disk field strengtiwould probably enhance the degree of col-
seems to be in contradiction to the literature (OP97, Romandiaation. So far we doubt whether an increase of the size of
et al. 1997). However, the non-collimation of the flows cathe computational box will be sufficient, because in our model
be explained following the analysis of Heyvaerts & Normathe field distribution and mass flow rate decrease strongly with
(1989). They have shown that only jets carrying a net poloidaldius.
current will collimate to a cylindrical shape. However, in our
case we have an initially dipole type magnetosphere and tr
final state of a spherically radial outflow enclosing a neutral
line with a poloidal magnetic field reversal. The toroidal fieldt is well known from standard MHD theory that an axisymmet-
reversal also implies a reversal of the poloidal current densiig stationary MHD flow is defined by five integrals of motion
with only a weaknetpoloidal current. In such a configuration, along the magnetic flux functiofi(r, z) = 27 [ Bp - dA. Sta-
self-collimation of the flow as obtained by OP97 or Romanov#narity implies the following conserved quantities along the
etal. (1997) cannot be achieved. In both of these publicationfix surface¥: The mass flow rate per flux surfacg¥) =
net poloidal current flows along tleonotoniccallydistributed sign(ve - Bp) pvp/Bp, the iso-rotation parametélp (V) =
field lines. (vy —nBg/p)/r, the total angular momentum density per flux
One might expect to obtain the OP97 results of a collimagurface,L(¥) = r(vy — By/n), and the total energy density
ing jet as a limiting case in the present simulations, just due B{(¥'). Therefore, for a time-dependent axisymmetric simula-
the fact that the inflow boundary condition along the disk is th®n evolving into a stationary state, these functions must be
same as in their setup. However, we think that this is not possiblnstant along the field lines. Fig. 8 demonstrates such a behav-
since the initial field structure and, thus, the flux distribution iior for the example solution L5 for the quantitieé¥),Qr (V)
the lower boundary is completely different. A combination cdind ZL(¥). An overlay of each of these functions with the con-

4.4.1. The question of dipolar accretion

4.4.2. The question of collimation

4.3. The final steady state - application of stationary MHD
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tour plot of the field linesl(r, ) would show that the contoursdemonstrates that in the stationary final state the Lorentz force
are perfectly ‘parallel’. This clearly proves the stationary chais notthe main driving mechanism of the disk material from the
acter of the final state of simulation L5. For comparison, Fig.disk into the corona. It is only at a larger height above the disk
shows the distribution of the poloidal electric current density, thieat the parallel component of the Lorentz force accelerates the
toroidal magnetic field, and the angular velocity of the plasmplasma.

For a stationary solution it is interesting to investigate the As a summary of this section we show in Fig. 9 the final
Lorentz force projected parallel and perpendicular to the fiedthtionary state of the example solution L5 plotted for all four
lines. The poloidal Lorentz force vectors (Fig. 8) show that inemispheres. This figure (and only this onejotated by90°
the region of the highest poloidal velocities, the Lorentz foragith the z-axis in vertical direction. This gives a comparative
is more or less aligned with the field lines. In the region of lolook how the simulation has evolved from the initial dipolar
poloidal velocity the main component of the Lorentz force is pestructure to the spherically radial outflow final state.
pendicular to the field lines. As discussed above (Sect.4.4.2.)
the perpendicular component of the Lorentz force acts coll- Summary
mating inside the neutral layer and de-collimating outside the
neutral layer. We have performed numerical simulations of the evolution of a

Another interesting feature is ttdirection of the parallel stellar dipole type magnetosphere in interaction with a Keple-
component of the Lorentz force (see Fig. 8). Close to the di§Rn accretion disk using the ideal MHD ZEUS-3D code in the
boundary there is a region where this component changes sifisymmetry option. The simulations are lasting over hundreds
and the Lorentz force is therefaeceleratinghe mattet. This  (or even thousands) of rotational periods of the inner disk. The

central star is rotating with a co-rotation radius chosen as the
1 n Fig. 8, this region is only one vector element wide. However, @isk inner radius. A smooth mass inflow is prescribed into the
better resolution shows that this region extends to abestl along corona which is initially in hydrostatic equilibrium. The initial
the outer disk dipole type magnetic field distribution is force-free. The density
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and velocity profile as well as the magnetic field profile along tf&)
inflow boundary has not been changed during the computation.

@)

)

®3)

4

(®)

0.5000

Fig. 9. Density distribution and poloidal
magnetic field lines of simulation L5 for
initial time step [eft) and for the final sta-
tionary state right) plotted for all four
hemispheres.

There is almost no indication for a flow self-collimation.
The flow structure remains more or less conical. We believe
that the main reason for the lack of collimation is the field
reversal between stellar and disk wind also implying a re-
versal in the poloidal current density. Thus, the net poloidal
current will be weak. This is a major difference to OP97 and
Romanova et al. 1997. However, this result could also inter-
preted in terms of a missing poloidal collimation mechanism
proposed by Spruit et al. (1997).

Our main results are summarized as follows.

The initial dipolar field breaks up by a combined action of
the winding-up process due to differential rotation between
the star and disk and the wind mass loss from star and disk.
‘Stellar’ and ‘disk’ field lines remain disconnected after the
disrupting ‘bubble’ has left the computational grid.

A two-component MHD wind leaves both the disk and th&)
rotating star moving away in radial direction. The two com-
ponents are divided by a neutral field line. The magnetic

No signhature of an accretion stream along a dipolar field
channel towards stellar surface is observed. This may be due
to the fact that the dipolar field has completely disappeared

field direction (both, poloidal and toroidal) is positive out-  or due to our choice of the co-rotation radius.

side the neutral line and negative inside. This field reversal

is a characteristic difference from jet simulations of OP97 Our results are in general applicable to any star-disk system
and Romanova et al. 1997. which is coupled by magnetic fields. One critical aspect may be
Mainly dependent on the wind mass flow rates a stationahat we assume a fixed boundary condition for the magnetic field
or quasi-stationary state evolves after hundreds or thousairdihe disk. However, if the field structure in the corona changes
of inner disk rotations. The disk wind always evolves into as drastically as we have shown, this might influence also the
stationary state. A high stellar wind mass loss rate suppomtagnetic flux distribution in the disk. Butthen, for a proper time-
‘complete stationarity’, i.e. stationarity also for the stelladependent disk boundary condition, the disk structure should
wind component. be treated in a more detailed manner. This however, is beyond
The initial driving mechanism of the disk wind are centrifuthe scope of the present paper. From our results we like to put
gal forces of the rotation matter leaving the disk in verticébrward the following main hypotheses.

direction. At larger heights above the disk, this matter be-

comes magnetically accelerated. The maximum flow spg8yl Star-disk systems are supposed to have a two component
is about the Keplerian velocity at the inner disk radius. The wind/jet structure.

hight speed is observed in the outer layers of the stellar wif®) A strong stellar field (equivalent to a low stellar mass loss
and in the upper layers of the disk wind. rate) leads to instabilities along the rotational axis. A strong
Depending on the stellar wind mass flow rate, knots may and stable jet is unlikely in such objects. This may be one
form along the symmetry axis. The size of these knots is reason why highly magnetized stars with disks like neutron
about the inner disk radius, but also depends weakly on the stars or magnetic white dwarfs dothave jets. A disk field

grid resolution. The knot pattern velocity is about 10% ofthe generated by a turbulent dynamo could be a better candidate
Keplerian speed at the disk inner radius. The full opening for driving the jet.

angle of ‘knot flow' is about 3®o 50°. Concerning theg(10) The current model of magnetized accretion in young stars
knot's size and spacing, it is unlikely that these features are along dipolar field lines from disk to star have to be re-
correlated to the observed knots in protostellar jets, but may considered. The magnetospheric structure often inferred
be connected to QPO’s in X-ray binaries. from stationary models (Camenzind 1990; Shu et al. 1994)
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Fig. A.1.. Numerical test example. Re-calculation of the OP97 jet model. Feéito right: Poloidal magnetic field lines, density contours, and
poloidal velocity vectors at = 100, calculated with3; = 0.28. The location of the shock front is the same for all three plots (in difference to
OP97).

may completely change if the time-dependent evolution
considered.
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Appendix A: numerical tests

Here, we will discuss numerical test solutions. The first test
example is the recalculation of the OP97 solution of an axisym-

metric jet propagating from a rotating Keplerian disk. Such a°, 5 0 5 ;00
scenario is similar to the one treated in the present paper, how- z
ever, with a parabolic-type initial potential field configuration o 5 10 15 20

and without a central rotating star. Fig. A.1 shows the result of
our simulation at = 100. At this time the jet bow shock has
traveled 52 units along the z-axis. In the long-term evolution,
the location of the magneto-sonic surfaces agrees with the re-
sults of OP97. However, as a (minor) difference we note that !\\\
for our test simulations fitting to the OP97 results the valueo S
for the plasma-beta is smaller by about a factok/@fr com-
pared to OP97. We use the original ZEUS code normalized with
Pyas ~ B?/2 (instead of the usuaP,,s ~ B?/8) (user man- °
ual). Therefore, in order to match the definition of the plasma )
beta as3; = 87 P;/ B2, one must define the field strength prop- , AN J1 10
erly (this gives a factor of/4~ in the field strength). Thus, the  ° ° 10 o “
difference in the3; may be due to a different normalization ap

plied in OP97 (Ouyed 2000, prlvate cor.nmum.catlon).. We haﬁ/erlay of a couple of initial time steps (a& 0, 10, 20, 30, 40, 50).
dedu_ced this factor byomparing bqth S|mulat|0n$_\dd!t|on— Poloidal magnetic field linesdp) and density contour®6tton). Thick
ally, it becomes understandable with the normalization of thges indicate the initial distributions. The solutions perfectly match in
ZEUS code magnetic field. Fg§ = 1.0 in our simulations the the regions not yet disturbed by the inflow boundary condition. The
jet solution is appropriate slower, reaching oaly= 42 after long term evolution of this solution is shown in FE99.

100 time steps Concluding that our recalculation of the OP97

Fig. A.2. Numerical test example. Solution L1 without stellar rotation.

2 This is, by the way, remarkably similar to the location of the shock
front in the velocity plot (Fig. 6) in OP97, which is different from the i
one in their density plot (Fig. 3). However, we note that a -Wrongnnodel was successful, we note however the tiny ‘wave’ pattern
plasma-beta must be visible in the location of the magneto-sonic s@f-our density contours (Fig. A.1). This wave pattern is present
faces. This is not the case. Therefore, we conclude the difference®iy in the hydrodynamic variables, but not in the magnetic
B3; are just due to a different field normalization in the actual codes field. These density variations are less then 10%.
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As a second example for a numerical test, we show an ovEewley J.F., Stone J.M., 1995, Comp. Physics Comm. 89, 127
lay of the density contours and poloidal field lines of six initialayashi M.R., Shibata K., Matsumoto R., 1996, ApJ 468, L37
time steps of the simulation Lheforethe torsional Alfen HeyvaertsJ. Norman C.A., 1989, ApJ 347, 1055
wave has passed the outer (upper) grid boundary. It can be s&¢¢ph T., Matsumoto R., Shibata K., 1998, ApJ 508, 186
that upstream of the bow shock front the magneto-hydrostdfjgan J.. Tademaru E., 1995, ApJ 454, 382

initial condition remains in perfect equilibrium. Thus, forcel__ovgicse;\smzzzjomanovaM.M.,Blsnovatyl-KoganG.S.,1995,MN-

freeness of the initial magnetic field as well as the hydrostaf_igpez R. RagaA., Riera A, Anglada G., Estalella R., 1995, MNRAS
equilibrium is satisfied with good accuracy. Without the inflow 27’4, L19 B B B B '
boundary condition at = 0 the initial equilibrium will remain - ijier K A, Stone J.M., 1997, ApJ 489, 890

unchanged. Okamoto I., 1999, MNRAS 307, 253

Ouyed R., Pudritz R.E., 1997, ApJ 482, 712 (OP97)

Ouyed R., Pudritz R.E., 2000, submitted
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Abstract. Protostellar jets most probably originate in turbulent accretion disks surrounding young stellar objects. We investigate
the evolution of a disk wind into a collimated jet under the influence of magnetic diffusivity, assuming that the turbulent pattern
in the disk will also enter the disk corona and the jet. Using the ZEUS-3D code in the axisymmetry option we solve the time-
dependent resistive MHD equations for a model setup of a central star surrounded by an accretion disk. The disk is taken as a
time-independent boundary condition for the mass flow rate and the magnetic flux distribution. We derive analytical estimates
for the magnitude of magnetic diffusion in a protostellar jet connecting our results to earlier work in the limit of ideal MHD.
We find that the diffusive jets propagate slower into the ambient medium, most probably due to the lower mass flow rate in
the axial direction. Close to the star we find that a quasi stationary state evolves after several hundred (weak diffusion) or
thousand (strong diffusion) disk rotations. Magnetic diffusivity affects the protostellar jet structure as follows. The jet poloidal
magnetic field becomes de-collimated. The jet velocity increases with increasing diffusivity, while the degree of collimation
for the hydrodynamic flow remains more or less the same. We suggest that the mass flux is a proper tracer for the degree of jet
collimation and find indications of a critical value for the magnetic diffusivity above which the jet collimation is only weak. We

finally develop a self-consistent picture in which all these effects can be explained in the framework of the Lorentz force.

Key words. accretion, accretion disks — MHD — ISM: jets and outflows — stars: mass loss — stars: pre-main sequence —

galaxies: jets

1. Introduction

Observations of young stellar objects (YSOs) have revealed
two main features during the phase of star formation — the
presence of accretion disks and energetic outflows, often ob-
served as bipolar jets (Mundt et al. 1984; Lada 1985; Ray
et al. 1996). Images and spectra show that these flows are of
high-velocity (~300 kms~') and well collimated (opening an-
gle <10° on scales of 1000 AU). The data also suggest that
the jet collimation must be achieved already close to the cen-
tral source, at distances <100 AU. The jet mass outflow rates
are ~1071°—1078 M /yr and typically a factor 10100 smaller
than the disk accretion rates.

Besides the special case of protostellar jets, all astrophysi-
cal jets detected so far seem to be attached to objects where an
accretion disk is indicated to be present. In particular, this holds
for jets observed in radio loud active galactic nuclei and quasars
(Bridle & Perley 1982), highly energetic galactic objects as Sco
X-1 (Padman et al. 1991), and microquasars (Mirabel et al.
1992).

Send offprint requests to: C. Fendt,
e-mail: cfendt@aip.de

Therefore, the similarities between jets from the differ-
ent sources imply that the basic mechanism for jet formation
should be the same. For protostellar jets, the observed mass
and momentum fluxes exclude the possibility of a thermally
or radiation pressure driven wind. The observed fluxes are
much higher than the protostar could provide (DeCampli 1981;
Konigl 1986). The conclusion is that it is the magnetic field
which is responsible for protostellar jet formation — accelera-
tion and collimation of the initial stellar or disk wind (Pudritz
& Norman 1983; Camenzind 1990). This magnetic field can be
generated by some dynamo process either in the central young
star itself, or the surrounding accretion disk, or it could be pro-
vided by the interstellar medium as a “fossil” field. What kind
of mechanism turns the in-flowing matter of the accretion disk
into an outflow from the disk (or the star) is still not really
known, although it seems to be clear that magnetic fields play
a major role (Ferreira 1997).

Examples of time—dependent MHD simulations of the jet
formation include models of collimating disk winds, where this
disk is taken as a boundary condition for the outflow (Ouyed
& Pudritz 1997, hereafter OP97), models that consider the in-
teraction of a stellar dipolar magnetosphere with the accretion
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disk as well as the disk structure itself (Miller & Stone 1997), or
some combination of both approaches (Fendt & Elstner 1999,
2000, hereafter FE00).

In this paper, we are interested in a time—dependent simu-
lation of the resistive MHD equations for the corona above the
accretion disk around a young star. The underlying disk pro-
vides a fixed boundary. The presence of a large scale poloidal
magnetic field provided by the disk is assumed. After a brief
theoretical introduction in Sect. 2, we describe our model and
the numerical approach in Sect. 3, with emphasis on the effect
of magnetic diffusion. For the numerical approach, we intro-
duced magnetic diffusion in the ZEUS-3D MHD code. Tests of
our code are included in Appendix. The results for protostellar
jets are discussed in Sect. 4. We compare our diffusive MHD
simulations of jet formation with the non—diffusive case.

2. Magnetic jets from accretion disks

Despite a tremendous amount of work concerning the forma-
tion of magnetic jets (e.g. Blandford & Payne 1982; Pudritz
& Norman 1983; Lovelace et al.1987; Heyvaerts & Norman
1989; Pelletier & Pudritz 1992; Li et al. 1992; Contopoulos
1994; Fendt et al. 1995; Kudoh & Shibata 1997a, 1997b; Fendt
& Memola 2001) the mechanism which actually launches the
jet from the disk remains unclear. Most of the papers dealing
with the theory of magnetized accretion disks driving jets have
been following the principal approach of Blandford & Payne
assuming stationarity, axisymmetry and self-similarity (Konigl
1989; Wardle & Konigl 1993; Li 1995; Ferreira 1997). After
all, it is clear now that the launching of a jet from the accreting
disk can be described as a purely magnetic process. Ferreira
(1997) has derived trans—Alfvénic, stationary self-similar jet
solutions with a smooth transition from a resistive disk, where
the Lorentz forces are actually responsible for lifting the
accreting gas in vertical direction.

Progress has been achieved, too, in the simulation of the
time-dependent MHD jet formation from accretion disks. Two
major, distinct approaches in order to deal with the complex-
ity of the jet formation process have been undertaken so far.
One approach is to take the rotating disk as a fixed bound-
ary condition for the simulation of the jet. Depending on the
choice of the initial setup (magnetic field, density and pres-
sure) and the choice of the gravitational potential, the numer-
ical results differ in the degree of collimation and the veloc-
ity of the resulting jet flow. From an initially split-monopole
magnetic field configuration, collimated, non-stationary out-
flows were obtained (Ustyugova et al. 1995). In this simula-
tion non-equilibrium initial conditions and a softened gravita-
tional potential were used. For the same configuration, but for a
stronger magnetic field, Romanova et al. (1997) again obtained
stationary but only weakly collimated flows. Ouyed & Pudritz
(1997) studied the jet formation embedded in a disk corona ini-
tially in hydrostatic equilibrium and in pressure balance with
the disk surface. Essentially, after 400 disk rotations, a station-
ary collimated jet flow emerges. Similar results were obtained
by another recent study taking into account also the time-
dependent behavior of the disk boundary condition (namely
the field inclination) due to the evolution of the disk wind
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(Krasnopolsky et al. 1999). The main advantage of the ap-
proach of a fixed disk boundary condition is the numerical sta-
bility of simulation over a long time scale. The jet launching
itself — the process of diverting accreting matter in the disk into
an outflow — cannot be treated this way.

The other approach was therefore to include the simulation
of the disk structure in the simulation. The first step in this di-
rection was made by Uchida & Shibata (1985) and Shibata &
Uchida (1985, 1986) in their pioneering work considering time-
dependent jet formation. Essentially, the authors show that the
magnetic twist of the magnetic field induced by the rotation
of the disk gives rise to Lorentz forces pushing the disk ma-
terial upwards. The back-reaction of the magnetic field on the
disk (magnetic braking) may lead to a sub-Keplerian disk ro-
tation. These results have been confirmed by Stone & Norman
(1994). MHD simulations considering the diffusive accretion
disk in interaction with a stellar dipolar magnetosphere reveal
the collapse of the inner disk after a few rotations (Hayashi
et al. 1996; Goodson et al. 1997; Miller & Stone 1997). At
the same time, episodic ejection of plasmoids are generated
in outer parts of the disk wind. A collimated axial jet feature
is observed. However, probably because of numerical reasons,
these simulations could be performed only for a few or tens of
Keplerian periods of the inner disk. Therefore, the results may
depend strongly on the initial setup. The assumption of con-
stant diffusivity in the disk and the corona is probably not very
realistic.

The long-term evolution of such models has been inves-
tigated by FEOO, however without treating the disk structure
in the simulation. They find that the axial jet feature observed
by Goodson et al. (1997) disappears on longer time-scales. A
two-component quasi-stationary outflow (from disk and star)
evolves after thousands of rotational periods. This flow is un-
collimated on the spatial scales investigated, in agreement with
the observations indicating a jet radius 100 times larger then
the grid size of the numerical simulations discussed above.

Recent MHD simulations of the jet formation from accre-
tion disks by Matsumoto et al. (1996), Kudoh et al. (1998,
2002b, 2002a), and Kato et al. (2002) investigate the disk-jet in-
terrelation and may probably explain the time-dependent ejec-
tion mechanism in the jets. However, as we have pointed out
above for the model setup of a magnetic dipole surrounded by a
disk, these simulations also were carried out for several rotation
periods only. The question remains as to how the system under
consideration behaves on a long time scale. Further, the sim-
ulations apply the approach of ideal MHD, an approximation,
which is most probably not strictly valid for accretion disks,
especially for protostellar accretion disks. In this respect, the
work by Kuwabara et al. (2000) is of particular interest as the
authors extend the ideal MHD approach and include resistiv-
ity in the jet formation process. Comparing their simulations to
the close environment of a supermassive black hole, Kuwabara
et al. derive a critical value for the strength of magnetic dif-
fusion. A normalized magnetic diffusivity below 0.05 may ex-
plain the observed activity in active galactic nuclei. In this case,
the mass accretion and jet launching takes place intermittently.
The paper also demonstrates the difficulty of carrying out such
simulations, as gravity has been treated applying a softened
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potential. On the other hand, this simplification allows for a
simulation lasting up to 5 rotations of the accretion torus.
Again, we note that it is just the limitation in the time evo-
lution which lead us to the decision to take into account the
accretion disk only as a boundary condition. In this paper, we
are mainly interested in the jet formation process (acceleration
and collimation) and not in the jet launching mechanism from
the accretion disk. In particular, we think it is essential to inves-
tigate whether a jet actually survives also on long time scales.

3. Model setup and equations

The paradigm accepted in this paper is the jet launched from a
diffusive, turbulent accretion disk around a young stellar object.
We may expect that the turbulence pattern in the disk may also
enter the disk corona and the jet, and that the jet flow itself is
subject to turbulent diffusion. We will discuss this idea of a dif-
fusive protostellar jet below. Despite the fact that we take into
account the effect of magnetic diffusion for the jet formation,
our model setup is similar to the models in OP97 and FEQO.

3.1. Resistive MHD equations

In order to model the time-dependent evolution of jet forma-
tion, the set of resistive MHD equations to be solved is

%+V~(pv)=() (1)
p%+(v~V)v +V(p+pA)+pVCD—jX_B=O )
%—f—Vx(va—%nj)zo 3)
P%JF(U'V)E +(P+PA)(V'U)—1—72TT]J'2=0 4
V-B=0 (5)
“C_fszvXB. ©)

For the gas law we apply a polytropic equation of state,
p = Kp” with a polytropic index y = 5/3. Hence, we do not
solve the energy Eq. (4). Instead, the internal energy of the sys-
tem is defined with ¢ = p/(y — 1). Such a simplification is
not expected to affect the result of our simulations much, as
the resistive dissipation term in the energy equation is negli-
gible compared to the other terms because of the factor 1/c?
(see also Miller & Stone 1997). The magnetic diffusivity is de-
noted by the variable n (see Sect.3.3). Additional to the hy-
drostatic pressure p, an Alfvénic turbulent pressure pa = p/Br
with St = const. (see OP97, FEQO) is included. Alfvén waves
from the highly turbulent accretion disk are expected to propa-
gate into the disk corona, providing the perturbations for some
degree of turbulent motion also in the jet. As shown by OP97
the additional Alfvénic turbulent pressure is able to support a
cold corona above a protostellar accretion disk as suggested by
the observations.
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Fig. 1. Initial setup for the jet simulation. Shown is the part of the
computational box close to the origin (the part of the “inner jet”). The
initial hydrostatic density distribution is indicated by the thin concen-
tric isocontours. Thick lines denote the initial poloidal field lines of a
force-free potential field.

We solve the equations above using the ZEUS-3D code
(Stone & Norman 1992, 1992) in the 2D-axisymmetry op-
tion for cylindrical coordinates (r, ¢, z). We apply a point mass
gravitational potential ® = —1/ Vr? + z2 located in the origin.
A finite physical magnetic resistivity is added to the original
ZEUS-3D ideal MHD code. Tests of our now diffusive ZEUS
code are presented in the Appendix.

For our computations we normalize the variables to their
value measured at the inner disk radius r; (see OP97, FEQ0),
e.g. p — p/pi. The subscript “i” assigns that the variables
are taken at this radius. The time is measured in units of a
Keplerian rotation at the inner disk radius. The normalized
equation of motion eventually being solved with the code is

, 27" % B V(p + 1
a—v'f'(l)/'vl)l),: J _ (P pA) _

or i Bip oip’

The coefficients g; = 87p;i/B} and 6; = piqu /pi with the
Keplerian speed vg ; = VGM/rj, correspond to the plasma beta
and the Mach number of the gas at the inner disk radius. For a
“cold” corona with p’, > 0, it follows St = 1/(d;(y — 1)/y = 1).
In the following we will omit the primes and will discuss only
normalized variables if not explicitly declared otherwise.

V. 7

3.2. Initial and boundary conditions

As the numerical simulation of a magnetized disk is still a diffi-
cult task and is not yet fully resolved, we chose to study the for-
mation of the jet flow independent of the evolution of the accre-
tion disk. A precise disk-wind theory would predict the amount
of angular momentum and energy carried away from the disk.
Here, we prescribe the disk as a fixed, time-independent bound-
ary condition for the jet.

One may question the combination of a magnetically dif-
fusive disk corona and a steady-state disk magnetic field dis-
tribution. Naturally, the time scales of the disk evolution are
definitely longer than those for the jet flow (except for the
unknown mechanism responsible for the jet knots). Also, for
a disk jet, the disk is acting as a source for magnetic flux.
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This can be achieved either by a dynamo process working in
the disk generating the magnetic field or just by advection of
the interstellar magnetic field by the disk towards the central
star. The time scale for both processes is longer than the jet
time scale and, thus, we may safely assume a fixed magnetic
flux as accretion disk boundary condition.

As initial condition we choose the same setup as OP97. The
initial poloidal magnetic field is defined by the current-free po-
tential field configuration of the ¢-component of the vector po-
tential, Ay = (\/r2 +(zg +2)* = (zq + z)) /r. The dimensionless
disk thickness zq4 satisfying (zq + z) > 0 for z < 0 is introduced
in order to avoid any kinks in the field distribution. The ini-
tial coronal density distribution is in hydrostatic equilibrium,
p = (r? + z%)7¥*. The initial corona is defined by two free pa-
rameters 0; and S;.

The disk itself as a boundary condition for the jet flow is
in centrifugal balance and penetrated by a force-free magnetic
field. As the disk boundary condition is time-independent, the
initial potential field magnetic flux from the disk is concerned.
The toroidal component of the magnetic field in the ghost zones
(z < 0) is chosen as Bg(z < 0) = u;/r, where y; is another free
parameter. The mass flow rate from the disk surface into the
corona is defined by the injection velocity and the density of the
injected material. With the launching angle ®y(r, z = 0) (mea-
sured from the jet axis), the velocity field in the ghost zone is
v = (v, Vg, V;) = Vinj(vp sin Op, vk, v, cOs Og) for r > 1 with vy
as a free parameter. For r < 1 the inflow velocity is set to zero,
which actually defines the inner edge of the disk. The inflow
density is given as pq = k772, with «; as a free parameter.

Besides the disk “inflow” boundary condition, the bound-
ary condition along the symmetry axis is set as “reflecting”,
and along the two remaining boundaries as “outflow” (see also
Stone & Norman 1992, 1992; OP97; FEQO0). Figure 1 shows the
initial setup of a hydrostatic density distribution together with
the potential magnetic field for the part of the computational
box close to the origin (the region of the “inner jet”).

Our choice for the free parameters is the following. We
have 6; = 100, x; = 100, gz = —1.0, and vy; = 0.001, sim-
ilar to OP97 and FEQO in order to allow for a comparison of
the results. For the plasma-8 we choose 8 = 0.282 (which
is equivalent to OP97, but is based on the original ZEUS-3D
normalization) or a lower value 8; = 0.141 which has some nu-
merical advantages'. The lower 3; does not change the general
behavior of the jet. The jet evolution is faster (in physical time,
not in CPU time) and the Alfvén surface is slightly shifted in
z-direction, but the jet internal structure remains very similar.

3.3. Magnetic diffusion in jets

Most of the models of MHD jet formation deal with the colli-
mation and acceleration of a plasma flow in the case of ideal
MHD. However, it seems to us quite possible that magnetic
diffusivity may play an important role in protostellar jet forma-
tion. There are (at least) two reasons which may account for
that.

! See also Appendix A in FE0O for the different choice of B; in
OP97 (equal to unity) and here and in FEQO.
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The first reason may be the fact that the jet material of
young stellar objects is not fully ionized, in difference from the
case of relativistic jets in AGN or microquasars. The fraction
of ionization (the ratio of ion to neutral particle density) de-
rived from optical observations is about 0.5—-0.01 with the ten-
dency to decrease along the jet (Hartigan et al. 1994; Bacciotti
& Eisloffel 1999). From this it can be expected that diffusive
effects may indeed affect the MHD configuration. Theoretical
studies on this topic have just started recently. We refer to Frank
et al. (1999) who investigated the asymptotic MHD jet equilib-
ria under the influence of ambipolar diffusion, showing that the
initial MHD configuration of the jet changes due to ambipo-
lar diffusion at least on the parsec scale. Another reference is
Ferreira (1997) who showed the essential role magnetic dif-
fusion plays for the launching mechanism of the jet from the
accretion disk.

The other reason for the existence of turbulence in the jet
formation region is the fact that the jet launching object itself
— the accretion disk — is highly turbulent. While turbulence is
an intrinsic property of accretion disks (and necessary for the
accretion process itself), turbulence can further be driven in
the disk corona by the differential rotation of the disk, which
winds-up the coronal magnetic loops leading to powerful re-
connection processes (see Miller & Stone 2000).

It seems to be natural to expect that the turbulent pattern
being definitely present in the disk-jet interaction region be-
comes also advected with the jet/wind flow into the domains
at greater height above the disk. We just note that additionally
the interaction of the jet with the ambient medium leading to
various kinds of instabilities increase the turbulent pattern in
the jet (however, we do not expect that the latter process does
affect the jet collimation region).

In Faraday’s law (3), the ratio of the first to the second
terms in the brackets is the magnetic Reynolds number. It can
be represented by Ry, = v L/n, where L is a typical length scale
and v is a typical velocity. Due to the large length scales in
the astrophysical context, R, based on the microscopic diffu-
sivity is very large compared to unity. For a fully ionized hy-
drogen plasma the microscopic diffusivity is 7, ~ rec(vm/c)™>,
where 7. = €2/(mec?) is the classical electron radius, and vy, =
VkgT /m is the electron thermal speed. For T = 10K, v =
100 kms™', and L = 100 AU we obtain Ry, = v L/n, ~ 10'.

It is clear that the relevant diffusivity in the protostellar disk
and jet is most probably “anomalous” determined by macro-
scopic MHD instability phenomena (see above), with the re-
sulting magnetic Reynolds number being much smaller. This
magnetic turbulence we may parameterize the same way as
in a Shakura-Sunyaev model for the hydrodynamical viscos-
ity. We can define a furbulent magnetic diffusivity nr = anvL,
where o, < 1. As a characteristic velocity for the dynami-
cal change of the system we might choose the poloidal Alfvén
speed, va = Bp/ \/ZW If we choose the size of our computa-
tional box rmax as a typical length scale and oy, ~ 0.1, we obtain
R = varmax/nt = 10 as the typical magnetic Reynolds num-
ber for the global jet evolution. In difference, typical length and
time scales are different if we are interested in the evolution of
the local jet structure (as needed for example for the definition
of the numerical time stepping in the code).
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Fig. 2. Global evolution of the jet on a grid of (z X r) = (280 x 40)r; with a resolution of 900 x 200 elements. Shown is the state of evolution
after ¢+ = 400 rotations of the disk inner radius for different magnetic diffusivity, n = 0 (top), n = 0.01 (middle), and n = 0.1 (bottom). Thin lines
denote 30 logarithmically spaced isocontours of density. Thick lines denote 20 and twenty linearly spaced magnetic flux surfaces (or poloidal

field lines). The parameters are 6; = 100, x; = 100, 1 =

—1.0, i = 0.282, and vj,; = 0.001. Note the preserved initial hydrostatic density and

force-free field distribution in front of the bow shocks. The figure demonstrates that the bow shock advances slower with increasing diffusivity.

It might be expected that the diffusivity throughout the jet
and the disk corona differ considerably. However, it seems nat-
ural to expect the diffusivity in a corona close to the disk sur-
face not to differ much from the value in the outer part of the
disk. For simplicity, and since we are first interested in the gen-
eral effect, our simulations are performed with a constant dif-
fusivity parameter. To introduce a non-constant diffusivity is
straight forward.

The local magnetic Reynolds number is also described by
the ratio of the dynamic to the diffusive time scale R, =
Tdift /Tdyn- Here we may define 7qig = min(lz/n) and tgy, =
min(//vs), where [ is the size of the numerical grid cell.
Because of the internal structure of the jet, these minimum val-
ues can sometimes be well below the actual global magnetic

Reynolds number described above, which is determined by the
characteristic length scale of our simulation L = ryax.

It is interesting to note that in the model of OP97 a turbu-
lent Alfvén pressure, pa, has been introduced in order to estab-
lish a pressure equilibrium of a cold corona (or jet) above the
(hot) accretion disk. Although this turbulence effect was taken
into account for the pressure balance, OP97 did not consider it
as a reason for a turbulent magnetic diffusivity. However, it is
straight forward to relate the Alfvénic turbulent pressure pa to
a turbulent magnetic diffusivity nr. In order to derive such a re-
lation, we now choose the turbulent velocity field vt instead of
the local Alfvén speed as the typical velocity for the turbulent
diffusivity,

®)

Nt = apurl.
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Fig. 3. The evolution of the inner jet approaches the quasi-stationary
state. Shown are poloidal magnetic field lines in the case of n = 0.1
for different time steps, ¢ = 250, 300, 350, 400 (thick solid, thin solid,
dashed and dotted lines). Same parameter setup as in Fig.2, except
Bi = 0.141. Grid size 280 x 80 elements for a physical size of (140 x
40)r;. The picture shows how the poloidal magnetic field lines diffuse
outwards but approach a (quasi)-stationary state after 400 rotations
(see the dashed and dotted lines almost coinciding).
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Fig. 4. Magnetic diffusivity and global time scales. Left Global mag-
netic Reynolds number as defined from the scale of the computational
box of the inner jet L = 20,v = vs. Shown is the R,-profile along
slices in z-direction at r = 7, 13, 20 (solid, dotted, dashed line, respec-
tively), for the simulation run with 7 = 0.1, 8; = 0.141. The plot shows
the variation of the typical velocity v, for which we have chosen the
local Alfvén speed. Right Time of stationarity. This plot shows for dif-
ferent magnetic diffusivity the time period when the inner jet reaches
a quasi-stationary state. This time is estimated from the evolution of
the poloidal magnetic field lines (see Fig. 3) and the error bars indicate
our uncertainty.

With the definition Bt = (¢s/vr)? and taking into account the
fact that ¢Z = yp/p for an adiabatic or polytropic gas law, we
obtain

2 Yy p
vp = S——- ©)]
T Brp
The normalization gives
» PGl 2 Y
’ a or vi=p"! (10)

Vr=——5— .
o vy Br’ 0ifr

With the condition of sub-Alfvénic turbulence OP97 derived
Br = 0.03. With a typical value for §; ~ 100 and a “mean”
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value for the normalized density p’ ~ 102 we obtain for the
normalized magnetic diffusivity

, am\( L
7= 0015 (0.1)(1.0)’
Since the diffusivity changes only weakly with the density,
n ~ p'/3, this provides a good estimate on the strength of mag-
netic diffusion. A self-consistent simulation would take into ac-
count the relation between diffusion and density as in Eq. (10).
For comparison, we run a few of simulations with such a setup.
So far, we find no significant difference to the computations
with 17 = const.

(1)

4. Results and discussion

We now discuss the results of our numerical simulations con-
sidering the MHD jet formation under the influence of mag-
netic diffusion. For this, we have run simulations with a dif-
ferent parameter setup. The simulations were performed (i) in
domains of different physical size in order to investigate the
influence of boundaries and to obtain information about the
large-scale flow, and also (ii) with different numerical resolu-
tion.

We detected numerical artifacts (a spurious velocity pat-
tern) in the corners of the grid where outflow boundary condi-
tions meets the other (inflow, reflecting) boundary conditions.
In general, this artifacts remain localized close to the corners
of the grid over many hundred of disk rotations. All the re-
sults discussed in this paper are not affected by these effects
as we mainly concentrate on the inner part of the jet flow. We
performed one reference set of global simulations with high
resolution (numerical mesh of 900 x 200 grid points, physical
grid of (z X r) = (280 X 40)r;). In order to investigate effects
which concern only the gross behavior the jet flow and not its
structure in detail, we run another set of simulations with lower
resolution (numerical mesh of 280 x 80 grid points, physical
grid of (z X r) = (140 x 40)r;). The much faster computation
of the low resolution simulations allowed us to follow the jet
evolution for a very long time even in the case of a high mag-
netic diffusivity (up to 4000 disk rotations). The computational
domain was a factor 2 shorter in direction of propagation. All
other parameters were the same as for the high resolution runs.

4.1. Formation of the global jet

The first point to be noted when comparing the large-scale evo-
lution of the diffusive with the non-diffusive flow, is the differ-
ent speed of the bow shock. With increasing magnetic diffusiv-
ity, the bow shock propagates slower. The bow shock pattern
velocity is about 0.38,0.35,0.28 for n = 0,0.01, 0.1, respec-
tively (Fig.2). We will later see that, in apparent contrast, the
jet velocity increases with 1.

As in the case of ideal MHD simulations, before the bow
shock front builds up, torsional Alfvén waves propagate from
the disk surface into the corona slightly modifying the initial
hydrostatic equilibrium. The super-Alfvénic flow catches up
with and passes this wave front.
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As the bow shock propagates through the corona it leaves
behind a cavity of matter with dilute density and high velocity.
The initially purely poloidal magnetic field becomes more and
more helical. The toroidal magnetic field component is first
generated by winding-up the initial poloidal field due to differ-
ential rotation between the disk and the static corona but later
comes out as a natural result of the MHD flow due to the iner-
tial forces of the matter.

The internal structure of the jet behind bow shock layer is
smoother in the case of a non-vanishing magnetic diffusion (see
Fig.2). We note that also the “wiggly” structure in the density
distribution close to the disk in the case of n = 0 is less promi-
nent in the case of diffusive simulations. These “wiggles” seem
to be a numerical artifact probably due to the density jump be-
tween the disk and the jet, however, the density variations are
only of the order of some percent.

Here, we note another important point. In this paper we
were interested in the cases of a typical MHD jet flow starting
as a sub-Alfvénic (but super-slow magnetosonic) flow from the
disk surface, being accelerated to super Alfvénic and super-
fast magnetosonic speed, as e.g. described in the paper by
Blandford & Payne (1982). This case often described as a
magneto-centrifugally driven disk wind/jet differs from the
case where matter is injected into the disk corona already with
super Alfvénic speed. The latter case applies in the case of a
relatively weak disk poloidal magnetic field as for example in
the case of a central dipolar field with a strong gradient in ra-
dial direction. These winds are initially driven by the (toroidal)
magnetic field pressure gradient in vertical direction (Lovelace
et al. 1987; Contopoulos 1994; Fendt & Elstner 2000).

In this paper we are interested only in the classical case
of MHD jet formation. However, in our simulations we note
that the Alfvén surface moves as a function of time until the
quasi-stationary state (see below) is reached. For a smaller than
moderate magnetic diffusivity (n = 0, ...,0.5), the location of
the Alfvén surface is always within the active zones well above
the accretion disk boundary. For higher diffusivity the Alfvén
surface may advance into the disk for small radii and the char-
acter of the MHD flow is changed. We do not consider these
cases in our discussion.

4.2. Inner jet

In the following we discuss the evolution of the inner substruc-
ture of the global jet close to the jet axis and the accretion disk.
The size of this region is 60 X 20r; and is comparable e.g. to
the full grid in OP97. This part of the jet is not influenced
from any outflow boundary condition or the jet evolution on the
global scale. Note that the major part of the global jet is super
fast magnetosonic, hence, there is no (physical) way to trans-
port information from this part in upstream direction into the
inner jet.

4.3. Quasi-stationary nature of the (inner) jet

As a major outcome of OP97 and FEOO it has been found that
under a certain choice of boundary conditions the disk outflow
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Fig.5. The de-collimation of the stationary state poloidal magnetic
field due to magnetic diffusivity. Same parameter setup as in Fig. 3.
Shown is the poloidal magnetic field line distribution of the inner jet
in the state of quasi-stationarity (+ = 400) for vanishing diffusivity
n = 0 (thick) and for n = 0.1 (thin).
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Fig.6. Comparison of poloidal velocity vectors. Shown are the
poloidal velocity vectors at the time of quasi-stationarity. Over-plot of
the velocity field for the = 0 simulation at r = 350 with the n = 0.1
simulation at # = 400. The de-collimation visible in the poloidal mag-
netic field lines (see Fig. 5) is not present here. The thick line indicates
the Alfvén surface for = 0.1, the thin line the fast magnetosonic
surface.

may evolve into a stationary state after several hundreds of disk
rotations. Such a stationary state solution provides an ideal test
bed for investigation of the internal forces acting in the jet,
since the well known equations of axisymmetric ideal MHD
and its conservation laws may be used for interpretation of the
jet flow.

In our present simulations considering the MHD jet for-
mation under the influence of magnetic diffusion, we also find
such stationary states. We denote them as quasi-stationary
since — due to the large computational domain — such a be-
havior can be seen only in the inner region within reasonable
computational time. The outer regions surrounding the (inner)
stationary jet flow will further evolve in time. For the area of
the inner jet the stationary state is reached after approximately
t = 350 disk rotations in the case of ideal MHD. This time scale
can be quite different in the case of a non-vanishing magnetic
diffusion and also depends on the plasma-beta parameter £;.
Note that in spite of considering magnetic diffusivity, we use
the same parameter setup as OP97 and FEQO.
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Figure 3 shows an over-plot of poloidal magnetic field
lines resulting from our simulations at the time steps of
t = 250,300, 350,400 disk rotations, respectively, in the case
of relatively large magnetic diffusion n = 0.1. It can clearly
be seen how the poloidal magnetic field lines first diffuse out-
wards from their position at r = 250 (which is close to the non-
diffusive field distribution, see also Fig.5). After some hun-
dred of rotations more, the field distribution approaches the
quasi-stationary state (note the dotted lines almost matching
the dashed ones).

First, we note that the existence of such a quasi-stationary
state might not necessarily be expected in the case of magnetic
diffusion and instead one might think that the magnetic field
will just decay forever. The reason, why a stationary state is
possible in the case of a jet flow, is that with such a setup a loss
of magnetic energy in the jet caused by diffusion can be replen-
ished by the constant Poynting flux rising from the disk. This
energy reservoir can be thought of as established constantly by
the disk rotation and accretion and eventually by the gravita-
tional potential of the central star. Note that also in the ideal
MHD case the jet flow carries energy out of the computational
box. Also this energy loss is balanced by the same way. The
additional effect due to magnetic diffusivity is small compared
to the total energy flow in the jet.

In general, our simulations show that with increasing n the
flow reaches the quasi-stationary state at a later time. For a
smaller than moderate magnetic diffusivity (n = 0, ...,0.5), we
find an approximately linear relation between this time and the
diffusivity (Fig. 4, right panel). This is also the range where the
jet flow is a classical MHD jet like the Blandford-Payne solu-
tion, starting as a sub-Alfvénic flow from the disk surface and
crossing the Alfvén surface at some height above the disk. For
higher diffusivity the Alfvén surface has been advanced into
the disk for small radii and the character of the MHD flow is
changed. We do not consider these cases in particular, however,
we show the time of quasi-stationary state for completeness.

For comparison, the local time step accounting for mag-
netic diffusion and the Alfvén time step, together with the
global magnetic Reynolds number Ry, (defined by the jet size
and a mean value for the jet Alfvén speed, see Sect. 3.3) and
the related a,, are given in the Appendix in Table B.1 for the
time when the quasi-stationary state is reached. In Table B.1
we have chosen a “typical” value for the Alfvén speed within
the grid of the inner jet. That this is feasible, is shown in Fig. 4
(left) where we plot the variation of Ry, along the jet in the case
n = 0.1. As Ry, does not change along the jet by more than
a factor of two (this is similar for other diffusivity), this value
provides a good estimate for the global jet dynamical behavior.

4.4. Jet velocity and collimation

The most interesting, since directly observable, quantities of a
jet are its velocity and degree of collimation. In Fig. 6 we show
the poloidal velocity vectors in the inner jet for a simulation
without and with considering magnetic diffusion (7 = 0 and
n = 0.1), taken at that time step, when the flow has reached the
quasi-stationary state.
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The general point to mention is that the figures clearly show
the self-collimating property of the MHD flow as the velocity
vectors become more and more aligned with the jet axis as we
go along the flow. However, there exists also a region of low
collimation close to the disk where the velocity vectors point
in radial direction (with ~45° half opening angle).

For the low magnetic diffusivity (n < 0.05) simulations
we have observed an interesting feature. The apparent de-
collimation of the poloidal magnetic field structure (Fig.5),
which is already present for a weak magnetic diffusivity
(n =0.01), is, however, not visible in the poloidal velocity
(Fig. 6). In both cases, the flow evolution has reached a quasi-
stationary state (r+ = 400). In contrast to ideal MHD, in the
case of diffusive MHD, a miss-alignment between v, and B,
is possible. Up to n = 0.5 the mismatch between the poloidal
velocity and magnetic field vector is relatively weak for large z
and about 5°—10° at intermediate heights above the disk. That
means that we generally get a collimated stream along the axis,
however, the mass load distribution varies implying a variation
of the mass flow rate through the r and z-boundaries with 7. If
a larger magnetic diffusivity (7 > 0.1) is applied, we observe
also a de-collimation of the mass flow (see below).

In general, both the poloidal and toroidal velocity increase
with increasing diffusivity. At the same time, the magnetic field
components decrease with the increasing diffusivity. This is
shown in Fig.7 where we plot the velocity and field compo-
nents along jet at a distance of 15 r; from the jet axis. Thus, as
a conclusion, the diffusive jet becomes faster. We discuss that
point below in the context of the Lorentz forces acting in the jet.

However, two points should be mentioned concerning
Fig.7. The first is the decrease of toroidal velocity just above
the disk surface. As the field line foot points rotate with
Keplerian speed and the matter is corotating with the field lines,
one would actually expect an increase of toroidal velocity, if
the magnetic field is dominated by the poloidal component. In
our case, we find at a certain radius along the disk surface that
By = B,. Thus, the matter may substantially slide along the
field. Just above the disk, the toroidal field strength first in-
creases with heightz, and the slide along the field line becomes
larger.

The second point is the fact that — unlike the poloidal veloc-
ity — the magnetic field strength and the toroidal velocity do not
seem to match the given boundary condition along the disk sur-
face for the case of non-vanishing diffusivity. The reason is the
jump in diffusivity between the disk (boundary condition) and
the disk corona (active zones of the grid). The magnetic field
lines are frozen-in the accretion disk, but when leaving the disk
surface, they are immediately affected by magnetic diffusion.
Thus, the magnetic field strength in the active zones of the grid
(which are shown in Fig.7) deviates from the boundary value
in the case of a non vanishing diffusivity. In the stationary state
solutions shown in Fig. 7 an equilibrium state has been reached
between magnetic field diffusion and advection. We see that
at this radius (r = 15) the field strength has increased for the
region immediately above the disk.

2 This feature can be also observed in the simulations of OP97 (see
their Fig. 4).
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Fig. 7. Variation of the jet velocity and magnetic field with different magnetic diffusivity, n = 0 (solid), n = 0.1 (dashed), n = 0.5 (dotted).
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r = 15 at the time of quasi-stationarity. The velocity components increase, while the magnetic field strength decreases with increasing 7. Note
the different scales for v, and v,. The boundary value for the toroidal velocity is the Keplerian value vy = 0.258 at r = 15.

The observed de-collimation of the matter flow with in-
creasing diffusivity is most evident if we plot the mass and
momentum fluxes across the boundaries of the inner jet region.
We define the fluxes across surfaces parallel to the accretion
disk boundary by

Fimax Fimax
M= f 2rrpvdr, My, = f 2ﬂrpv§dr. (12)
0 0

These are the mass flux and the kinetic z-momentum (i.e. mo-
mentum in z-direction) flux along the jet axis. For the inner jet
rmax = 20 and the integration is along zy.x = 60. The flux away
from the jet axis (thus, in r-direction?) is defined correspond-
ingly by the integration along the ry,x-boundary from z = 0 to
Z = Zmax. The corresponding flux into the jet (thus, prescribed
by the disk boundary condition) has to be integrated along the
z = 0 axis. Signature of a good degree of collimation would be
the fact that most of the mass and/or momentum flux is directed
along the jet axis.

Figure 8 shows how the mass and momentum fluxes for dif-
ferent diffusivity evolve in time. We show the mass flux across

3 Note that we define the momentum flux in z-direction across the
Fmax-boundary as Mv, = j(;r"m 2nrpv,v,.dr.

the » and the z-boundary and the kinetic momentum flux in r
and the z-direction integrated along both outflow boundaries.

The large mass and momentum fluxes for the outflow dur-
ing the first 100—200 rotations result from the fact that at these
stages the initial hydrostatic corona is being pushed out of the
grid of the inner jet. After the the bow-shock has left the inner
grid, this initial coronal mass reservoir has been swept out and
the remaining mass flow in the jet is given purely by the mass
injection rate from the disk boundary condition.

In the stationary state the mass inflow from the disk bound-
ary into the jet must be equal to the mass loss across the bound-
aries in r- and z-direction. That this is true in our simulations
can be seen in Fig. 8 on the long time scale if we compare the
solid line (inflow condition) to the sum of the dotted (radial out-
flow) and the dashed lines (axial outflow). The analytical value
for the mass rate as integrated from the given inflow bound-
ary condition is M = 1.41 which is in good agreement with
the numerical result. Note that for the momentum flux a simi-
lar analytical integration gives a momentum flux from the disk
into the jet of M v, = 1.8% 10~*, which is much below the nu-
merical value at the first active zone. As the momentum flux is
not conserved as the matter becomes accelerated in the jet, this
shows the tremendous gain of kinetic energy of the MHD flow.
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As a good estimate, the kinetic momentum flux in z-direction
across the z = zpy,x boundary is just the integrated mass flow
rate M times the mean v,-velocity at this position. In the case
of vanishing diffusivity we have Mv, ~ 1.5 X 0.6 = 0.9 which
is similar to our numerically integrated momentum flux*.

Now we compare the fluxes for simulations with differ-
ent magnetic diffusivity. For the simulation run with n = 0.5
(Fig. 8, bottom panel) we have a mass inflow rate of 1.5
(in dimensionless units). The mass loss rate across the grid
boundaries is about 0.45 in z-direction and 1.05 in r-direction.
Compared to the corresponding values in the case of n = 0,
where about 70% of the mass flow leaves the box in z-direction,
this clearly shows that the mass flow for n = 0.5 is less colli-
mated. This situation is even more evident for the simulations
with higher diffusivity n = 1.0, where, however, the mass in-
jection from the disk boundary is partly super-Alfvénic (not
shown). Thus, even if the velocity vectors have more or less
the same direction for diffusivity up to n = 0.5, the mass load
along the stream lines is different due to the fact the matter,
driven by centrifugal forces, may diffuse outwards across the
magnetic field lines enhancing the mass flow rate in radial di-
rection.

At this point it might be interesting to discuss the results
of recent diffusive MHD simulations of the jet formation out
of the accretion disk (Kuwabara et al. 2000). These authors
find that the jet launching from the disk critically depends on
the strength of the magnetic diffusivity. For small diffusivity,
mass accretion in the disk and jet formation take place occa-
sionally. For intermediate diffusivity the disk-jet system may
reach a steady state. For high diffusivity the accretion rate and
outflow rate decrease with diffusivity and may even vanish. In
respect to our results, these results imply that the only way to
launch a stationary MHD jet is indeed to allow for a reasonable
amount of magnetic diffusion. Further, as we find less collima-
tion for higher diffusivity or, equivalently, a weaker jet, such a
state of stationary jet formation may become less important as
the mass flow rates in the disk and the outflow decrease sub-
stantially. It would therefore be of great importance to follow
the simulations of Kuwabara et al. (2000) for longer time scales
comparable to our runs.

If we eventually define the degree of jet collimation by the
mass flux across the jet boundaries, our simulations reveal the
existence of a critical value of the magnetic diffusivity in this
respect. In Fig. 9 the ratio of the mass flux leaving the grid in
z-direction to that in r-direction is shown for different magnetic
diffusivity for the time when the bow shock has left the inner
box. This figure shows directly that for a high diffusivity mass
flux ratio exceeds unity, indicating a weakly collimated mass
flow. Figures 8 and 9 clearly show that for our model setup
there exists a critical value of the magnetic diffusivity, 1. In
the simulations with n < 7., the MHD flow evolves into a col-
limated stream. In contrary, for > 7. the flow remains only
weakly collimated. The actual value for the critical  depends
on the plasma beta S;. In our standard setup chosen for Figs. 8
and 9, we find 7., ~ 0.3,

4 Almost no kinetic momentum flux in r-direction leaves the inner
box across the z-outflow boundary.
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We note that the momentum flux gives somewhat different
picture. The momentum flux in z-direction is always larger than
that in r-direction. For our setup we obtain a ratio of about 5-8
when we compare the momentum fluxes in each direction. This
demonstrates first the very high efficiency of rotating MHD
flow in converting rotational kinetic energy into poloidal ki-
netic flux. In this respect, if we would define the degree of col-
limation by the momentum fluxes, our jets would perfectly col-
limated also for higher diffusivity. This leaves the question of
how the degree of jet collimation is properly defined. Clearly,
for diffusive MHD jets the field structure is not an accurate
measure of propagation. What concerns the observational ap-
pearance, the mass flow distribution (or actually the density dis-
tribution) would be the theoretical equivalent to the observed
intensity (as long as no emission maps can be provided by the
simulations).

In summary, we propose that the mass flux gives the best
measure of the degree of collimation. In our simulations we see
a strong indication for the existence of a critical value of the
magnetic diffusivity beyond which such a collimation cannot
really be obtained.

4.5. Lorentz forces in the jet

Here, we deal with the question how the jet internal structure
is modified by the effect of magnetic diffusivity as a result of
our numerical simulations. Compared to the ideal MHD simu-
lation (OP97) our results of (i) a de-collimation of the poloidal
magnetic field structure for any value of magnetic diffusivity,
(i1) a de-collimation of the hydrodynamic flow for strong dif-
fusion and (iii) an increase of the jet velocity with increasing
diffusivity are obtained purely by adding a physical magnetic
diffusivity to the originally ideal MHD code.

As the flow evolution in the MHD simulation results from
a combination of various physical effects — magnetic and iner-
tial forces, pressure and gravity — it is not straight forward to
distinguish between these contributions.

However, it seems to be clear that magnetic fields are the
main driver for the flow acceleration and self-collimation and
that, consequently, the addition of magnetic diffusion will mod-
ify the MHD structure of the jet. Therefore, investigating the
Lorentz forces in the quasi-stationary state may provide some
insight into the physical mechanisms at work.

At this point it might be instructive to recall in brief the
basic mechanisms of MHD jet formation. Following the stan-
dard model (e.g. Blandford & Payne 1982; Ferreira 1997), a
jet is launched as a sub-Alfvénic disk wind (by some unspeci-
fied — but also unknown — process) and becomes accelerated
by magneto-centrifugal forces in a strong poloidal magnetic
field at first hand. As the flow approaches the Alfvén surface,
a toroidal magnetic field component is induced (“wound-up”)
due to the inertial back-reaction of the matter on the field.
The toroidal field may lead to (de-) accelerating Lorentz forces
Fvr ) ~ j.xB, and (de-) collimating forces Fr , ~ jjxB where,
here, the perpendicular and parallel projection is made with re-
spect to the poloidal magnetic field (which, only in the case
of ideal stationary MHD is parallel to the poloidal velocity).
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figures, respectively), in the inner part of the jet, (z X r) = (60 x 20)r;. The final point of each line corresponds to the end of the simulation
when the (quasi-) stationary state has been reached. Shown is the mass flux (leff) across the different boundaries. The mass inflow across the
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(dotted).
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Fig.9. Time evolution of the mass flow ratio between the radial
outflow boundary (mass flow in r-direction) and the axial outflow
boundary (mass flow in z-direction) for different magnetic diffusiv-
ity, n = 0,0.1, 0.5 (solid, dashed and dotted line, respectively), in the
inner part of the jet, (z X r) = (60 x 20)r;. The final point of each line
correspond to the end of the simulation when the (quasi-) stationary
state has been reached. For higher diffusivity, the mass flux ratio in
the quasi-stationary state increases indicating a decrease in degree of
collimation.

The toroidal Lorentz force Fr 4 ~ j, X B, affects the angular
velocity of the matter, disturbing the centrifugal balance and,
thus, give rise also to a poloidal motion.

Therefore, a change in the jet acceleration and collimation
might be explained by the interplay of two mechanisms. First,
the winding-up of the poloidal magnetic fields is less efficient
since magnetic diffusion leads to a slip of matter across the
field. As a consequence, the induced toroidal magnetic field is
weaker leading to a less efficient acceleration by Lorentz forces
but also to a de-collimation. This effect applies predominantly
in the super-Alfvénic regime. Second, as a de-collimation of
the poloidal magnetic structure also implies a smaller launch-
ing angle for the sub-Alfvénic flow, the magneto-centrifugal
acceleration mechanism may work more effective. As a conse-
quence, the resulting fluid velocities in the jet should be larger,
as indeed suggested by our simulations (Fig. 7).

In Fig. 10 we show for different magnetic diffusivity the
Lorentz force components along a field line (or, respectively,
along the corresponding magnetic flux surface) leaving the nu-
merical grid of the inner jet at (r = 20,z = 60). Note that due
to the magnetic field de-collimation with 7, we compare differ-
ent magnetic flux surfaces. These flux surfaces have their foot
point between r = 5 and r = 8 along the disk surface and the
Alfvén point at about z = 25,15,5 (7 = 0,0.1,0.5). The figure
shows the Lorentz force components Fy ,, F1, FL4 and the
corresponding acceleration of the fluid F /p.

The first point to mention is that the magnitude of the
Lorentz force generally increases with increasing magnetic
diffusivity. This is interesting insofar as the magnetic field
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strength decreases with increasing diffusion (Fig.7). The
Lorentz force has its maximum in that region before the Alfvén
point where the curvature of the poloidal field is largest. Thus,
magnetic acceleration mainly works in this regime.

This picture of an acceleration purely by magnetic forces
is complementary to the above mentioned picture of an en-
hanced magneto-centrifugal effect. For the parallel compo-
nent this may directly lead to the observed increase in the
poloidal velocity with increasing magnetic diffusivity (see
Fig. 7). Additionally, the higher velocity also leads to stronger
inertial forces and, for moderate heights above the disk, the
diffusive plasma flow will tend to maintain its (radial) direction
even if the field lines bend in direction of the jet axis. This will
re-distribute the mass flow distribution along the field line. The
parallel component decreases rapidly with increasing z as it can
be expected when the jet flow becomes more and more colli-
mated. The same holds for the toroidal Lorentz force compo-
nent. This component accelerates the plasma in toroidal direc-
tion leading to an additional centrifugal effect which drives the
matter in radial direction diffusing across the magnetic field.
This is the reason for the increase of the mass flow rate along
the outer stream lines with increasing diffusivity.

While the curves for the three Lorentz force components
look quite similar at a first glimpse, we see that the correspond-
ing components for the acceleration are somewhat different.
The perpendicular (collimating) component’ of the accelera-
tion remains on a rather high level throughout the (inner) box.
That means that also in the asymptotic regime of the collimated
jet these forces continue to collimate the jet flow.

On the other hand, compared to the perpendicular compo-
nent, the parallel and the ¢ components of the corresponding
acceleration have a steeper maximum and decrease to an only
marginal strength beyond the Alfvén point. This is what one
would expect also from the standard MHD jet model.

For n = 0 and n = 0.1, we see only a slight difference for
the strength of the perpendicular components of force and ac-
celeration at the large distances. Therefore, the degree of local
flow collimation should be similar, as it is indeed visible in the
poloidal velocity vectors, which are well aligned for the diffu-
sivity considered (Fig. 6). However, we note the larger devia-
tion of the perpendicular components for = 0.5, which mir-
rors the fact that in this case we are above the critical value 1,
concerning the mass flow collimation (Fig. 8).

In summary, our discussion of the Lorentz forces and its as-
sociated acceleration gives a self-consistent picture of what we
have observed in our numerical simulation. The perpendicular
Lorentz force is essential for the collimation throughout the en-
tire (inner) flow. The increase of the parallel Lorentz force for
higher magnetic diffusivity gives rise to the higher velocities in
the jet flow. The toroidal Lorentz force leads to an additional
centrifugal effect enhancing the mass flow rate in the outer (yet
un-collimated) parts of the jet flow.

5 We note that the sign for Fy, is defined positive for the force
vector pointing radially outwards. Thus, the increase of |F|_, | indicates
an increase of the collimating Lorentz force on the matter.
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5. Summary

In this paper we presented time—dependent simulations of the
formation of axisymmetric protostellar MHD jets. In partic-
ular, we were considering the effects of resistive MHD on
the collimation and acceleration of the jet flow. Similar to re-
cent simulations considering the ideal MHD case (Ouyed &
Pudritz 1997; Fendt & Elstner 2000), the accretion disk has
been taken as a fixed boundary condition during the simulation,
prescribing the mass flow rate and the magnetic flux distribu-
tion. Our initial condition is a force-free magnetic field in a
hydrostatic corona. Our simulations were performed on a grid
of (zx r) = (280 x 40) inner disk radii with 900 x 200 grid ele-
ments or on a grid of 140x40 inner disk radii with 28080 grid

elements. We find that in general the low resolution simula-
tions were sufficient to cover all physical effects observed in
the higher resolution runs. In our discussion we mostly con-
centrate on the structure of the inner jet which is the region of
60 x 20 inner disk radii close to the star. We summarize our
results as follows.

(1) We have successfully implemented the physical magnetic
diffusivity into the ZEUS-3D code.

(2) We have discussed some analytical estimates about the
strength of magnetic diffusivity in protostellar jets. We de-
rive the distribution of magnetic diffusivity self-consistent
to the turbulent Alfvénic pressure which is underlying our
simulations and also present in the simulations of other
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authors. Our simulations, however, are performed with a
constant diffusivity. Our main results do not depend on the
actual distribution of magnetic diffusivity.

In the global scale of our simulation, the jet bow shock ad-
vances slower through the initial hydrostatic corona for the
diffusive jets. The reason is the lower mass flux in the direc-
tion along the jet axis in these jets. As expected, the internal
structure of the jet is less disturbed in the case of diffusion.
The Alfvén surface comes closer to the disk surface.

For our model setup we find that, similar to the case of ideal
MHD jets (Ouyed & Pudritz 1997; Fendt & Elstner 2000),
also resistive MHD jets can reach a quasi-stationary state.
With increasing magnetic diffusivity, the quasi-stationary
state of the jet is reached later.

With increasing diffusivity the jet velocity increases. The
direction of the velocity vectors does, however, only change
weakly. At the same time the poloidal magnetic field distri-
bution becomes increasingly de-collimated.

As a proper measure of the degree of collimation we sug-
gest the mass flux. If we compare the mass flow rates
through the grid boundaries for different diffusivity we find
strong indication for the existence of a critical value for
the magnetic diffusivity 7., concerning the jet collimation.
Beyond this value we still find an almost cylindrically col-
limated stream along the jet axis, however, the bulk mass
flow is in radial direction. For our setup, the critical (nor-
malized) diffusivity is about ., =~ 0.3.

We discuss a self-consistent picture where these effects of
jetde-collimation and acceleration are explained in the con-
text of Lorentz forces. The perpendicular Lorentz force
is essential for the collimation throughout the entire flow
along the jet axis. The parallel Lorentz force increases for
increasing magnetic diffusivity and gives rise to the higher
velocities in the jet flow. The toroidal Lorentz force accel-
erates the plasma in toroidal direction. This leads to addi-
tional centrifugal forces re-distributing the mass flow rates
across the magnetic flux surfaces towards the outer (yet un-
collimated) parts of the flow. The latter two components
play no role for larger distances along the flow.

A3

~

3)

“)

(&)

(6)

With our results we have shown that magnetic diffusivity plays
indeed a role for the jet formation process. Turbulence as a nat-
ural (and necessary) property of accretion disks will naturally
enter the disk wind and will be further advected into the jet. As
we see in our simulations only a weak collimation for a high
magnetic diffusivity, a hypothetical, and for sure exaggerated,
conclusion might therefore be that highly turbulent disks can-
not drive a collimated jet mass flow. Such a claim may even-
tually be tested by the astronomical observation and may also
give some hint to answer the question why some disks have jets
and some do not.

Our present study should be understood as a first step in
the right direction. Future work may improve the numerical
resolution and the grid size but may also consider e.g. an ad-
ditional central stellar magnetosphere as a boundary condition.
The most interesting (but also most difficult) prospect would be
to include the evolution of the disk structure in the simulation.
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Fig. A.1. Numerical test of magnetic diffusion. Grid size 50 x 50 ele-
ments for a normalized physical grid 2.0 2.0. Left: Isocontours of the
magnetic field strength B,(x,y) (normalized units) for different time
steps t = tp + At, At = 0.0 (solid line), At = 0.1 (dashed line). Right:
Normalized intensity profile of the magnetic field strength across the
two-dimensional box along x = 1 for different time steps t = 7y + At
with Ar = 0.0,0.1,0.2,0.3 (top to bottom curve). Comparison be-
tween the analytical solution solid lines and the numerical simulation
(dashed lines).
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Appendix A: Numerical tests

As we have introduced the effect of physical magnetic diffusiv-
ity into the ideal MHD ZEUS-3D code, careful tests were nec-
essary to prove our implementation. In particular we checked
the time scales introduced by magnetic diffusion and the behav-
ior along the boundaries. The boundary conditions for an ax-
isymmetric jet (“outflow”, “inflow “and “reflecting”) are quite
different from what is e.g. needed in box simulations used for
other scientific questions.

We defined two numerical tests for our diffusive code. In
both cases the code basically solves the diffusion equation. We
obtained this limit by setting the initial density in the simulation
to arbitrarily large values (here the normalized p ~ 10°) effec-
tively reducing any fluid motions in our simulations. The first
test example is the analytical solution of the diffusion equation
in Cartesian coordinates, the second example an axisymmetric
torus of purely toroidal magnetic field in cylindrical coordi-
nates.

A.1. Analytical solution to the diffusion equation

In Cartesian coordinates (x, y, z) the solution of the one dimen-
sional diffusion equation for infinite space is

(- !/0)2)

o (A1)

1
BZ(y’ t) = E exp(

with the magnetic diffusivity n = ¢?/(4no).
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Fig. A.2. Numerical test of magnetic diffusion in cylindrical coordi-
nates. Grid size 100 X 50 elements for a normalized physical grid
10.0 X 5.0. Left: Isocontours of the toroidal magnetic field strength
for different time steps r = 1y + Az, At = 0.0 (solid line), At = 0.1
(dashed line). Right: Normalized intensity profile of the magnetic field
strength across the two-dimensional box along z = 5 for different time
steps ¢ = 1o + At with Ar = 0.0, 0.1, 0.2, 0.3 (top to bottom curve).

As a test for our code, we choose as initial condition the
magnetic field B,(x,y) = B.(y) for a certain time ¢ = ¢, from
Eq. (A.1). For the two-dimensional numerical grid we prescribe
“free” (i.e. outflow) boundary conditions in x-direction and a
time-varying field for the boundaries in y-direction.

Figure A.1 show the result of our simulations for the time
steps ¢ = tpAt (At = 0.1,0.2,0.3,0.4) for a magnetic diffusivity
n = 1.0 in comparison with the analytical results. As result, we
obtain a perfect agreement between the numerical simulation
and the analytical solution.

A.2. Toroidal field torus

Here, our aim is to check how our code treats magnetic diffu-
sion in cylindrical coordinates, along the outflow boundary in
r-direction and along the symmetry axis. As initial condition,
we define a torus of toroidal magnetic field

_(r=r)* +(z-2)
4nty

1
By(r,z,10 = 0.1) = - exp (A.2)
0

Figure A.2 show the result of our simulations for the time
steps t = oAt (At = 0.1,0.2,0.3,0.4) for a magnetic diffu-
sivity = 1.0 in comparison with the analytical results. The
simulation shows how the peak of the field distribution moves
slightly inwards from its initial central position as the field dif-
fuses. Note that as the field diffuses outwards the volume over
which the toroidal field is distributed increases. Therefore the
decrease in field strength in outward direction. Along the sym-
metry axis the field strength remains zero, whereas the field
strength along the outflow boundaries increases. No boundary
condition is prescribed here.

Although there is no analytical solution to compare with,

this simulation gives again convincing evidence that we prop-
erly incorporated the magnetic diffusion in the ZEUS-3D code.
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Table B.1. Typical numbers for our simulations for different magnetic
diffusivity 5. Diffusive time step 7,,, Alfvén time step 74, the global
magnetic Reynolds number R, and the magnetic turbulence parame-
ter @y

n T, TA R, a,
0 00 0.258 o0 0
0.1 0.625 0.293 40 0.025
0.15 0417 0.084 30 0.033
025 025 0.136 20 0.05
0.5 0.125 0.080 10 0.1

1 0.063  0.183 8 0.125
25 0025 1394 4 0.25

Appendix B: Time scales in the simulation

Table B.1 shows the time scales and typical number values ap-
plied in our jet simulations for different magnetic diffusivity 7.
As an example we refer to the simulation runs with relatively
low numerical resolution. The diffusive time step (i.e. the local
time scale for magnetic diffusion) is 7, = (Ax/ %) with the size
of the grid element Ax. For comparison we show the Alfvén
time step Ao = (Ax/va). The other two numbers consider the
global evolution of the jet flow. For the magnetic Reynolds
number Ry, = (varmax/77) We have considered the global size of
the jet and similar for the magnetic turbulence parameter a@yy,.
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Abstract. Observations of several bipolar jet flows from youn& Mundt (1997) observed Herbig-Haro flows on a parsec-scale,
stellar objects reveal a slight difference in the apparent directiand report changes in the flow direction (up~4010°). They
of propagation for jet and counter jet. point out possible mechanisms for such changes, in particular

In this paper, possible mechanisms leading to such a jet geecession and Lorentz forces. Mundt et al. (1990) observed
flection are investigated. We discuss various effects, such assheeral cases, i.e. the HH 30 jet and the HL Tau jet/counter jet,
motion of the jet source within a binary system, gravitationathere they derived curvature radii frab6 to 3 10*® cm. They
pull due to an asymmetric external mass distribution, dynamiegére first to point out that the jet transverse displacement from a
pressure of the external medium, inertial effects due to prog#raight motion of a protostellar jet may be due to Lorentz forces.
motion of the jet source, an inclined interstellar magnetic fieldhere are several examples known, where the jet/counter and
and the coupling between a magnetic jet and an external mpgform an S-shape structure (Eiffel & Mundt 1997).
netic field. For HH 30 Lopez et al. (1995) derive a P.A. for the jet prop-

We find that for typical protostellar jet parameters the moatyation of 30and 217for the outer jet and counter jet, respec-
likely mechanisms leading to a bent jet structure laneentz tively. They point out a 'mirror symmetry’ of jet and counter jet,
forceson the magnetic jet and/or motion of the jet source inm@iling out Lorentz forces as the driving force of the jet deflec-
binary systemDynamical pressuref a dense external mediumtion, unless a complex structure of the ambient magnetic field
or a stellar wind from a companion star cannot be excludediasupposed (see below).
source of jet bending. Bent jets are observed also for extragalactic jet sources.

Eilek et al. (1984) investigated several bending models for
Key words: MHD — ISM: jets and outflows — galaxies: jets3C 465, which exhibits a drastic bending of about°-30
— stars: magnetic field — stars: mass loss — stars: pre-mainsg@despite being a very well collimated jet/counter jet system
quence initially. They conclude that either Lorentz forces or interaction
with cool clouds may account for the bending.

Inthis paper we compare and discuss several physical mech-
anisms possibly responsible for a change of propagation direc-
tion for protostellar jets. Their effectiveness is estimated for
There is now quite anumber of cases for protostellar jets/courtigpical protostellar jet parameters.
jets, where the observed direction of propagation for jet and
counter jet is not exactly80°.

Zinnecker et al. (1996, 1997) find that in the otherwise pe2- Formation and propagation of magnetic jets

fectly collimated, symmetric jet/counter jet system HH 212 the

direction of propagation for jet and counter jet deviates by e briefly outline the general aspects and conditions of proto-
angle of about 2from 18C. In the case of HH 111, Gredel g stellar jet formation. It is now almost accepted that protostellar

Reipurth (1993) find a difference oPietween the two lobes; 1€tS aremagneticallydriven jets (Pudritz & Norman 1986; Ca-

however, the other bipolar jet originating in the same sourB&nzind 1990, 1997; Shu et al. 1994). Recently, these theoret-
region, HH 121, shows a rather large angle difference betwd&f! ideas received direct support by radio observations, which,
its lobes of 18- 20°. Another case is HH 24. where the flonfOr the firsttime, detected large-scale magnetic fields in the out-

directions are misaligned by fr jet and counter jet (Mundt et oW from a young stellar object (Ray et al. 1997).
al. 1991). Following current jet models the jet originates in the inner-

In addition, many of the observed jets do not propagate if2St part of a magnetized star-disk system (Camenzind 1990;
straight motion, but form a curved or bent jet structure.dfiel Shu etal. 1994; Fendt et al. 1995; Fendt & Camenzind 1996).
Whether the jet field is basically anchored in the accretion disk
Send offprint requests 1€. Fendt, (cfendt@aip.de) or in the stellar surface, is, however, not yet clear.

1. Protostellar jets with counter jets
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The principal mechanisms of jet formation can be summa-
rized as follows. The underlying hypothesis is that jets can only
be formed in a system withkigh degree of axi-symmetry

— Magnetic fields generated by the star-disk system.

— The star-disk system also drivesalectric current

— Accretingmatteris ejected as a plasma wind (either from
the stellar or disk surface) and couples to the magnetic field.

— The plasma becomescelerated magnetically.e. by con-
version of Poynting flux to kinetic energy.

— Plasma inertia leads to bending of the poloidal field (i.e. the
field along the meridional plane including the jet axis). The
pinching forces of the generated toroidal component (i.e.
the field component winding around the jet axis) eventually -
collimate the wind flow, forming a collimated jet structure. Jet

— The plasma velocity subsequently exceeds the speed of the | *®
magnetosonic waves. In the fast magnetosonic regime the
flow is causally decoupled from outer boundary conditions.

— Where the jet front meets the interstellar medium (ISM), a
bow shocldevelops, thermalizing the jet energy. Also, the
electric current is closed via the bow shock, and the jet net
current returns to the source of the current via the ISM.

Counter jet

Fig. 1.Model geometry in a deflected jet/counter jet system (solid line)
with an angle of deflection.. The corresponding curvature radius is
R... The direction of deflected jet propagation is approximated by the
chord (thick dashed line). The jet source is represented as a star-disk-
system.
A general point concerning the deflection of a jet from its orig-
inal pafch of motion i_s that it can only be caused by sane 3.1. Binary (multiple) system
celeration/deceleratiomechanism. It cannot be caused by e.g.
a steady, proper motion of the jet together with the jet sourdgould an orbital motion of the jet source in a binary system
since in this case the jet will have the same tangential velociégcount for the jet deflection? Binary systems are very common
as its source. Thufgrcesmust be involved, either acting on theamong main-sequence stars, and there is evidence that the binary
jet itself or on the jet source. frequency among protostars and PMS stars is at least as high
In the following we basically suppose the general model a among main-sequence stars (see Mathieu 1994; Zinnecker &
jet formation outlined in Sect. 2. The jets are ejected as straidggtendner 1997).
axisymmetric magnetosonic flows. The possible mechanisms To date, there are only few examples known of a jet source
leading to a change in the direction of jet propagation could being member of a multiple systems. Among them is T Tau
generally classified in three groups: (Herbst et al. 1996) and RW Aur (Hirth et al. 1997). However,
the separation of the components in T Tau and RW Aur is rather
— Internal effectson small scales such as acceleration of tHarge. In turn, this may be the reason why jet motion occurs at
jet source (by e.g. a binary component), or precession ofalh since the formation of a jet requires a system with a high
accretion disk in a binary system. degree of axisymmetry, which would be disturbed by a close
— Mixed effectsuch as the interaction between intrinsic ancompanion.
external properties, such as a Lorentz force due to a jet net Here we assume a scenario of a young stellar binary system
current and an external magnetic field. with one component emitting jets (see Fig. 2). The jet source
— External effect®n large scales such as a gravitational paroves a distancAz while ejecting a series of different portions
tential of a source outside the star-jet structure or a pressofdghe jet. The observed jet appears deflected, as the velocity
/magnetic field of the ambient medium. components of the jet are different for different tintesndt.
We estimate a kinematic time scalg,, ~ 100 yrs for an
In general, we assume that the jet/counter jet with a lengthserved jet lengtii;., ~ 10'7cm and for a typical jet speed
scaleL;.; follows a curvedtrajectory with the correspondingof 300 kms ™. This time scale might be larger, if the jet axis is
curvature radiusR,.. This assumption is consistent with thénclined against the orbital axis.
observations, although a straight jet trajectory in the case of Inthe case of asmall ratiz / L;c, we definex as the angle
a small angle of deflection can not be excluded. Usually, thetween a straight jet propagation and the observed orientation,
deflection anglex is small and of the order of some degreesyhich for analytical reasons is approximated as straight line,
a =~ tan(a) = 0.5 Lier/ Rx, (see Fig. 1). sin @ = Ax/Lje;. With the assumption that this motion is due to

3. Possible mechanisms leading to a jet deflection
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Fig.2. Model geometries in deflected
jet/counter jet systemkeft: Binary star - jet
system. Shown is the jet source at different
timest; andt,. The observed jet is ejected
betweent; andt¢z. The dynamical time of
the jet motion israyn = t2 — ¢1. The angle
of deflectionw is approximated by a straight
line (thick dashed line)Right: A poloidal
current densityj, in the jet and an exter-
nal magnetic fieldB.x perpendicular to the
jet axis give rise to Lorentz forces. The S-
shape (solid line) and C-shape (dashed line)
of the jet system depend on the direction of
the current flow, as indicated.

Counterjet

I
|
|
[ .
1\ Counterjet
|

acceleration by a companion star, the deriw@dimumbinary (Note that, on the other hand, this implies that the formation the

separation isAz. It might be larger because of two reasongets is just a short event along the path of the binary).

First, the binary system may not have completed half of its From the constraints (i) and (ii) it can be derived that the

orbit. Second, the jet axis might be inclined against the orbii@ndition for an observation of the bendingfts> 7 7y,. The

axis (different from Fig. 2). upper limit for P is given by the observational resolution for
In the case of HH 212 the angle af= 2° corresponds to Az. The ratio

Az = 120 AU, if we assume a length scalg., ~ 10'7cm for 1 . )

the inner jet as_ot_)served (|._e. the series (_)f the_lnner]et knotsj o Lier \?( sina\? Vjet Mot \ 2 1

Az is a lower limit for the binary separation with regard to g~ <1017cm) ( > (300kms—1>< Mg ) (1)

detection of a jet bending within the kinematic time scale. In

turn, the binary separation gives the maximum valueXer  joes not strongly depend on the jet length and the total mass of
Thus, there are two constraints on the binary period withe system.
regard to a detection of a jet bending: (i) If the period is t00 The most likely main-sequence binary separation in the so-
large, the low orbital speed of the jet soureg leads to an angle |5¢ neighborhood is about ~ 30 AU (Duguennoy & Mayor
of deflectiona ~ tan o > (v, /vje) too small for a detection, 1991). For pre-main-sequence binaries the semi-major axis fol-
within the kinematic timescale. (i) Similarly, a small periodjgys roughly al /a distribution between 120 AU and 1800 AU
equivalent to a small binary separatidh the jet deflection is (Reipurth & Zinnecker 1993; Bhler & Leinert 1997). These
too small, sincedz < D. values are in agreement with the: estimated above for HH 212
For the example of HH 212 from Kepler's Third Law followsas a requirement for a minimum binary separation in order to
an orbital period of the binary systemBfz 500 yrs, assuming influence the shape of the jet.
atotal mass of the systefi;,, = 1 M andaminimumbinary  Note that, although the binarity of the young stellar system
separation oD = 0.5 - 120 AU. breaks the axisymmetry on the large scale, the jet source itself
This period is several times larger than the jet propagatianust provide an axisymmetric geometry in order to produce a
time scale foil0'”cm, in other words, the jet bending time scalget in the first place. The scenario of a ‘stellar’ jet formation
is shorter than the period of the orbit of the jet source. Thereforeight be preferred in close binary systems compared to a ‘disk’
jetbending would be observable within the kinematic time scajet formation. This is because tidal interaction between disk

sin 2°
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and companion star may disturb the axisymmetry needed for jet For a system tangential velocity and an external medium

formation and thus prohibit the jet formation. of constant densitys;.,, the stationary dynamic pressure ex-
Jet wiggling is observed for a number of protostellar jetsrted by the ISM isPp = nis,v?. The force density i/ Pp.

Examples are HH 30 (Burrows et al. 1996) and HH 83 (Reipurthwe assume thaPp drops on length scales of some jet radii

1989). Itis, however, not yet clear whether this type of motioR;e;, comparison of centrifugal force with dynamical pressure

is due to precession or other effects. One should keep in miedce gives

that HH 30 is a very elongated, and thus presumably very stable

jet structure, with a full length of about@lundt et al. 1990) et _

or even %Lopez et al. 1995). For HH 83, Reipurth (1989) give £« Rjet

a physical amplitude of the wiggling helical motion of 400 AUIf we again definey ~ tan(a) = 0.5 L.i /Ry as the angle of

This length scale would be identical to the binary separation Jkaction we find jerie

we suppose that the wiggling arises not from tidal interaction, '

Ujet o nismvz ) (4)

but from kinematic motion of the jet source in a binary system. 1 Ljet Nism [ Vs 2
Evidence for tidal interaction and a precessing jet is fourft = tan(@) = 2 Ry T (U.et) = ()

in the case of the famous SS 433 system (Margon & Anderson o ! 9

1989). The precession amplitude$ with a period of 160 — 19-3 (L-iet/Riet> (”ism/”-iet> (U*/U-iet)

days. This jet is, however, relativistic and presumably highly 20 1 0.01

magnetized, which is in difference to protostellar jets. This value for is below the observed angles. The maximum
deflection angle is observed if we look perpendicular to the

3.2. Gravitational/inertial effects motion of the star (but depends on the inclination of the jet

o ] axis). The observed deflection angle becomes larger if the jet
Could an external gravitational potential due to a mass asy{yis is inclined.

metry in the ISM account for a deflection of the jet? From com- e energy density involved in this stationary process is
parison of gravitational to centrifugal forces on the jet, mpnismvf, being released in heating the jet and the ambient
medium. The resulting jet luminosity due to this ‘braking’ pro-

ot A M, X je U'2 ;
GPetBMext _ PietUer (2) cessis of the order of

R2 R,
~ . 37.. L=
whereA M. is the external mass asymmetry (correspondindrad =~ 277w ismV; Liet fjer = ((6)
to an external attractor with mags\/.,; ata distance?,),one  _ ¢1o-81 ( Nism )( Rjet )( Liet )( Uy )‘3_
calculates a deflection angle for typical jet parameters, © \103cm23/\105cm /) \10"7cm  \km 51
L 02 In terms of the jet kinematic luminosity we calculate
jet Vjet ] y

a ~ tan(a) = = 3)

2G AMext 9 1 Lrad ~ Nism Ljet 'Ui* ° ~ }O( Vs (7)

— 0.03 Ljet Ujet AMext Liin — Njet Rjet \Vjet / 2 \Wjer )
) 10" cm /) \ 300 kms™* 107 M

which is very small for typical protostellar jet parameters, and
Thus, the deflection of the jet by a gravitational potential réherefore hardly observable.
quires an unreasonably high mass asymmetry inthe ISM. There- Dynamical pressure of an external medium might however
fore, these large scale gravitational/inertial effects can hardig important if the jet is propagating under the influence of
account for the observed jet deflection. a stellar wind from young stars in its vicinity (Mundt, 1997,
Another possibility is that the star, or rather the jet sourcprivate communication). This scenario of the protostellar jet
becomes accelerated itself, while the jet remains in a steady reovironment is likely, since star formation produces groups of
tion. Since a large scale external gravitational potential attragtsung stars.
both star and jet, only internal, i.e. small scale, potential differ- In order to estimate this effect we have to rewrite Eq. (5),
ences may account for a specific acceleration of the star. Wiéh the wind densityn;s,, — nwing @and velocity of the wind
most reasonable source for such a potential would be a binagy— vying. With the estimates,;i,a ~ 0.1vje; and the density
companion (see Sect. 3.1) contrastnyindg /njes =~ 0.1 we finda ~ 0.01, which is of the
order of the observed angles.

3.3. Dynamical pressure of external medium

_— 4. Incli I ic fiel
Suppose that the star-disk-jet system as a whole performg a nclined strong external magnetic field

steady motion. If it then penetrates a large cloud in the ISM, tiidithout a detailed consideration, we mention another possibil-
‘light’ jet flow will be deflected due to the dynamical pressurdy of deflection of jets from their propagation direction. That
of the cloud, while the ‘*heavy’ star will continue on its pathis by strong external (poloidal) magnetic fields inclined against
(Note that this scenario is different from that of a jet source tite jet axis. In a simple picture, this field acts like a wall for the
rest, where the jet bores a funnel through the ISM.) conducting jet plasma (ideal magnetohydrodynamics, frozen in
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magnetic field), and, depending on the field strength and on the 24 g). With typical jet parameters (see Camenzind 1990;
inclination angle, the jet will tend to flow along this wall. JeFendt et al. 1995) we find

and counter jet are deflected in opposite direction, forming a - By Lot
- i ~ 0.018sin ¢ I = 12 11
S-shaped structure (see E|g. 2). a 0.018 sin (1011 A> (10 MG> (1017 Cm> (11)
Currents are not considered here (but see Sect. 3.5). Esti- ", L
mation of the involved field and jet kinetic energy shows that a < Rjet ) ( Njet )‘1 ( Vjet )

typical protostellar jet will clearly dominate the external field, 1018 ¢m 100 cm—3 300kms™ !
) -2 which is of the order of the observed valugés(2°),
8

V2 . . 2
% =4103 ( Diet ) ( et ) ( Bext We see from Eq. (10) that the deflection angle is rather sen-
Bz, /AT 100cnr3/ \100km 7! 10 uG iy . - ;
sitive to the jet parameters. The question arises, why only small

This process is therefore unlikely for protostellar jet deflectiodeviations from the intrinsic direction of propagation have been
The 'magnetic wall’ consisting of the interstellar magnetic fieldbserved? We suspect that a hypothetical larger deflection will
of typical field strength is too soft in order to deflect the jgtist destroy the jet as such. Furthermore, it is not that plausi-
motion. ble to change all the protostellar jet parameters in the brackets
with a positive exponent in Eq. (11) by, say, an order of mag-
nitude. Thus, Lorentz bending may change the direction of jet
propagation only slightly.
Here we estimate the Lorentz forces between the current car- However, considering the possibility of sweeping the exter-
rying jets and an external (interstellar) magnetic field. A nal magnetic field out of the jet funnel (see above), the magnetic
poloidal current along the jet is necessary in order to achievéield in Eq. (11) may be strongly over-estimated concerning its
high degree of collimation (Heyvaerts & Norman 1989). strengthinsidethe jet. In this case the deflection due to Lorentz

Comparison of the centrifugal force due to the curved jéarces would be much weaker. In turn, one may conclude that
motion and the Lorentz force due to jet current and exterrly jets with finite conductivity could be deflected.

3.5. Lorentz forces

magnetic field gives The direction of the jet deflection is determined by the di-

) rection of the poloidal current, if we assume that the external
ljp  Boy = Piet Vjet 9) field remains constant along the whole jet/counter jet structure
¢ “ R. (see Fig. 2). We expect an S-shape structure of the jets, if the

poloidal current flows in opposite direction in the jet and counter
tlg_t. Similar shapes were observed (see discussion ibftak&
Mundt 1997). Alternatively, in a C-shaped jet/counter jet topol-
ogy the poloidal current would flow in the same direction in
é)[oth the jet and counter jet (see below). This scenario would be
appropriate for e.g. the HH 212 jets, where jet and counter jet
are deflected in the same (western) direction (Zinnecker et al.

wherejp is the poloidal current density arf..,, the poloidal
component of the external magnetic field (see Fig. 2). In
grating over the jet diameter, only tip@loidal external mag-
netic field component which iperpendicularto the jet axis,
By sin g, gives a net Lorentz force perpendicular to the j
axis (with the angle between the jet and the poloidal field)
The toroidal part of the external field does not contribute to t
bending of the jet as a whole, it rather pinches and coIIimat%%%)' . . .
the jet structure itself. The jet magnetic fidR].; is responsible In qrder to explain l.)Oth types of jet bending, one may hy-
forthe internal jet structure, i.e. the collimation and acceIerati(‘.?i‘?thesIze that the physical parameters of the accretion disk play
of the jet, and cannot bend the jet. a role for the closure _of the current system. In the case of the S-
In Eq. (9), it was assumed that the external fielthasno- shaped topologyt_hejet current _system c_Ioses_ via the bow s_hock
geneoun a large scale, at least on the scale of the jet leng .d the_ISM to anighly conductiveaccretion disk (and possi- :
Otherwise the bending effect will vary along the jet axis. y continues to the star), and the same holds for the counter-jet

In particular, it was assumed that the external field is pres?ﬁ'trrem' In the case of a C-shaped topology the jet current closes

alsowithin the jet, after all in Eq. (9)p and B.y, have to be rom the bow shock via the ISM to the counter jet, and does not

measured at the same physical position. This is a critical poﬂﬁnetrate theveakly conductivaccretion disk. The difference

if we consider highly conductive jets, where the jet plasma, %the disk cqnductlwty_ could be cause@ by a d|ffer.ent tempgr-
ure, accretion rate, different composition of the disk material.

it flows along the jet, may potentially sweep any external fie giff devel tvari ¢ durina the lif
out of the jet funnel. In this case the Lorentz force in Eq. ( ese dilierences may develop at various stages during the fite-
me of the accretion disk.

would vanish and the problem is similar to that of Sect. 3.4. t
From Eq. (9), it is straightforward to find an expression for

small deflection angles, 4. Conclusions
Tjot Bext sin & Liet In this paper we have discussed several possible mechanisms
o = tan(a) = (10)  providing a deflection of protostellar jets from their original

¢ ZWm"jetRertUert rovid _
. direction of propagation.
with the jet particle densityi;e, the jet radiusR;e, the jet Among these physical mechanisrggavitationalattraction

velocity ve, and the particle mass (in the followingm ~ of a mass external to the star-jet systerartial effects of the jet
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source and jet in an ambient medium, andrained magnetic Mundt R., Brugel E.W., Bhrke T., 1987, ApJ, 319, 275
field are probably irrelevant for the observed jet deflection dfundt R., Ray T.P., Bhrke T., Raga A.C., Solf J., 1990, A&A, 232,
several degrees. 37
Dynamical pressuref the ambient medium on the jet cannolMundt R., Ray T.P.,, Raga A.C., 1991, A&A, 252,740
be ruled out, but requires lower jet velocities and a higher dengitydritz R.E., Norman C.A., 1986, ApJ, 301, 571
contrast between jet and ambient medium than observed. <& T-P. Muxiow T.W.B,, Axon D.J. etal., 1997, Nature, 385, 415

. . . . Reipurth B., 1989, A&A, 220, 249
We find two physical processes, which are possible reasgggﬁurth B. Zinnecker H.. 1993 AGA. 278. 81

for jet deﬂect_ion. Th_ese are (1) the ac'Fior? of Lorentz forc%shu F.H., Najita J., Wilkin F., Ruden S.P., Lizano S., 1994, ApJ, 429,
between the jet and interstellar magnetic field, and (2) orbital 7gq
motion of the jet source in a binary (or multiple) system. Meclginnecker H., McCaughrean M., Rayner, J., 1996. In: Beckwith S.,
anism (1) requires a net electric current flow in the jet, arealistic Staude J., Quetz A. & Natta A. (eds.), Proc., Disks and Outlows
possibility in the case of a highly collimated jet. The conduc- around Young Stars, Lecture Notes in Physics 465, Heidelberg,
tivity of the accretion disk might play a role concerning the Springer, p.236
closure of the current system and the shape of jet / counter4#étnecker H., McCaughrean M., Rayner J., 1997. In: Malbet F. and
systems (S-shape vs. C-shaped). However, depending on howcastets A. (eds.), Proc. IAU Symp. 182, Low Mass Star Formation
the interstellar magnetic field is distributedthin the jet, the __— from Infall to Outflow, p.182 .
magnitude of jet bending due to Lorentz forces remains uncélmecker H"_ Brandner W., 1997. In: Docobo etal. (eds.) Visual Dou-
tain. Mechanism (2) requires a certain interrelation between the ble Stars: Formatlon, Dynamics and. Eyolunonary Tracks, Conf.
L . . . Proc. Santiago de Compostella, Spain, in press

kinematic parameters of the jet and binary components. Other-
wise the bending is too small (for high jet speeds or large binary
separation). For typical jet speeds30f) km s ' the binary sep-
aration must be of the order of 100AU in order to obtain a
jet deflection angle of several degrees. This is, indeed, what is
observed as a typical separation in pre-main sequence binaries.

Although all processes discussed above imply non-
axisymmetry of the jet source - jet system on large scale,
we emphasize that the jet formation itself always requires an
intrinsically axisymmetric topology. A high degree of non-
axisymmetry would disrupt the jet. This might be the reason
why protostellar jets show only small deflection angles.
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Abstract. Highly relativistic jets are most probably driven by strong magnetic fields and launched from the
accretion disk surrounding a central black hole. Applying the jet flow parameters (velocity, density, temperature)
calculated from the magnetohydrodynamic (MHD) equations, we derive the thermal X-ray luminosity along the
inner jet flow in the energy range 0.2—10.1 keV. Here, we concentrate on the case of Galactic microquasars emitting
highly relativistic jets. For a 5 Mg central object and a jet mass flow rate of MJ = 10"% My yr~! we obtain a
jet X-ray luminosity Lx ~ 10%3 ergs™'. Emission lines of Fe XXV and Fe XXVI are clearly visible. Relativistic
effects such as Doppler shift and boosting were considered for different inclinations of the jet axis. Due to the
chosen geometry of the MHD jet the inner X-ray emitting part is not yet collimated. Therefore, depending on the
viewing angle, the Doppler boosting does not play a major role in the total spectra.

Key words. MHD — radiation mechanisms: thermal — X-rays: binaries — ISM: jets and outflows

1. Introduction

Microquasars (Mirabel & Rodriguez 1999) are Galactic X-
ray binaries where the three basic ingredients of quasars
are found — a central black hole, an accretion disk
and relativistic jets. Jets are thought to be driven by
magnetohydrodynamic (MHD) mechanisms (Blandford &
Payne 1982; Camenzind 1986) triggered by the interac-
tion of those three components, although the jet for-
mation process is not yet fully understood (e.g. Fendt
1997). Some microquasars are superluminal sources,
e.g. GRS19154105 at a distance of 7—12kpc (Fender
et al. 1999) with a central mass of about 14 My, (Greiner
et al. 2001).

Fendt & Greiner (2001, FGO1) presented solutions of
the MHD wind equation in Kerr metric with particular ap-
plication to microquasars. These solutions provide the flow
dynamics along a prescribed poloidal magnetic field line.
FGO1 found temperatures up to more than 10'° K in the
innermost part of the jet proposing that thermal X-rays
might be emitted from this region. Here, we calculate the
thermal spectrum of such an optically thin jet flow taking
into account one of the solutions of FGO1 and considering

Send offprint requests to: E. Memola,
e-mail: memola®asdc.asi.it

* Current address: Italian Space Agency - Science Data
Center, c/o ESA-ESRIN, via Galileo Galilei, 00044 Frascati,
Italy.

relativistic Doppler shifting and boosting as well as differ-
ent inclinations of the jet axis to the line-of-sight (L.o.s.). A
similar approach was undertaken by Brinkmann & Kawai
(2000, BK00) who have been modeling the two dimen-
sional hydrodynamic outflow of SS 433 applying various
initial conditions. However, they do not consider relativis-
tic effects such as Doppler boosting in their spectra.

2. The model

The axisymmetric, stationary and ideal MHD wind so-
lution provides the density, velocity and temperature for
each volume element along the field. Prescribing the jet
mass flow rate Mj together with the shape of the field
line, these solutions give a unique set of parameters of the
flow defined by the regularity condition across the magne-
tosonic points (see FGO1 for details).

The calculated dynamical parameters are our start-
ing point to obtain the X-ray spectra of the jet. Here, we
refer to the solution S3 of FGO1 obtained for a collimat-
ing field line z(z) = 0.1(z — x0)%/®, = being the normal-
ized cylindrical radius, xo the foot point of the field line
at the equatorial plane, and z the height above the disk.
Length scales are normalized to the gravitational radius
rg = 7.4 x 10° cm (M /5 My). For completeness, we show
the radial profiles of poloidal velocity, density, tempera-
ture, and emitting volume along the field line in Fig. 1.
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Fig. 1. Dynamical parameters of the MHD jet (see FG01). Shown is the radial dependence of the properly normalized poloidal
velocities up(x) = yvp/c, particle densities p(z), temperatures T'(z) (in K), and size of the emitting volumes V' (z) (from left to
right) along the chosen magnetic field line. For the calculations in this paper we apply a central mass of 5 Mg and a jet mass
flow rate of Met =10"1° Mg yrfl. The units are therefore rg = 7.4 X 10° cm for all length scales, rg = 4.1 x 10'" ¢cm? for the
volumes, and 4.31 x 10'% cm™3 for the particle densities. Note that the jet injection point is located at Ri = 8.3 7 with a gas
temperature of T} = 10'%2 K. In this solution for the MHD wind equation, the poloidal velocity saturates to a value of u, = 2.5
beyond x ~ 10%. The flow is weakly collimated reaching a half opening angle of 70° at about z = 250.

The jet geometry consists of nested collimating conical
magnetic surfaces with sheets of matter accelerating along
each surface. The sheet cross section becomes larger for
larger distances from the origin. The distribution of the
5000 volume elements along the jet is such that velocity
and density gradients are small within the volume. We
have 63 volumes in ¢ direction defining an axisymmetric
torus (i.e. 5000 tori along the magnetic surface).

We distinguish two parts of the inner jet flow. One is
for a temperature range 7" = 10%6—10° K, where we cal-
culate the optically thin continuum (bremsstrahlung) and
the emission lines. The other is for T = 10°—10'? K, where
only bremsstrahlung is important. Any pair processes are
neglected and no (e~e™)-bremsstrahlung will be consid-
ered, although that might be dominant at the highest
temperatures. Such unphysically high temperatures are to
a certain degree caused by the use of a non-relativistic
equation of state. Employing a relativistically correct
equation of state (Synge 1957) one would expect gas
temperatures an order of magnitude lower (Brinkmann
1980). These temperatures belong to the intermediate re-
gion between disk and jet. The injection radius,which is, in
fact, the boundary condition for the jet flow, is located at
R; = 8.3, and at a height above the disk (and the foot
point of the field line) of 0.74rg. For the chosen MHD
solution the temperature at this point is 7} = 10192 K.
With R; ~ 6 x 10 cm (M/5 My) we investigate a region
of about 2.5 x 107° (M /5 M) AU.

Having determined the emissivities of single volume el-
ements, these can be put together obtaining a rest-frame
spectrum where any motion is neglected. However, the
knowledge of the MHD wind velocities allows us to de-
termine the Doppler shift of the spectral energies and the
boosting of the luminosity for each volume. We finally ob-
tain a total spectrum of the inner jet considering these
effects in a differential way for each volume element. The
final spectra of course depend also from the jet inclination.

We emphasize that our approach is not (yet) a fit to
certain observed spectra. In contrary, for the first time,

for a jet flow with characteristics defined by the solution
of the MHD wind equation, we derive its X-ray spectrum.
Our free parameters are the mass of the central object M
defining the length scales, the jet mass flow rate M'J and
the shape of the poloidal field lines. In the end, from the
comparison of the theoretical spectra with observations,
we expect to get information about the internal magnetic
structure of the jet close to the black hole and the jet mass
flow rate.

3. X-ray spectra in the rest frame of the volumes

The computation of the continuum spectrum and the
emission lines of an optically thin plasma takes into
account free-free, free-bound and two-photon processes
(Mewe et al. 1985; Kotani et al. 1996; BK00). Cosmic
abundances given by Allen (1973) are used for a plasma
in equilibrium at the local temperature.

3.1. Luminosities of the fast flow (T = 10%2—10° K)

Considering the size, density and temperature of each vol-
ume, the luminosities (ergs=1(0.1keV)™1) of the jet-tori
have been calculated in the energy range 0.2—10.1keV
(bin size 0.1keV). Examples are shown for four tempera-
tures in Fig. 2 (see also Table 1). With the increase of the
temperature the luminosity range is compressed, therefore
those spectra are flatter and the strong cutoff seen for
lower temperatures disappears. The luminosity of hot gas
volume elements (T ~ 10° K), located above the injection
point, is higher (factor 100) than the one of the cooler,
but faster volume elements. Note that the luminosities
shown in Fig. 2 are calculated for Mj = 10710 Mg yr—1.
This quantity is hardly known from observations and, in
turn, the calculated luminosities may constrain its value.
A mass flow rate 100 times higher increases the luminosity
by a factor of 10%, for the same magnetic field geometry.

For temperatures 77 = 10°—~10° K many emission
lines are present in the energy range 0.2—10.1keV (Mewe
et al. 1985). The 0.5—0.9 keV band contains O, N, Fe, Ne,
S, Ca lines whereas lines of Ne, Fe, Mg, Ni, Si, S, Ar, Ca
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Fig. 2. X-ray luminosities of jet-tori of 63 volume elements with diﬁerent.tempera‘cures: T =10%K, T =10"K, T = 108K,
T = 10° K (from left to right). The jet mass flow rate considered here is M; = 107'° Mg yr™' for a 5 Mg central object.

are found between 1.0—4.0keV. From 6.6—7.0 keV mostly
FeXXV (He-like) and FeXXVI (H-like) emission lines are
present (BK00). For fully ionized plasma of T > 10K the
bremsstrahlung continuum emission is dominant.

The total rest-frame spectrum (neglecting the velocity
of the volumes) of a conical sheet of the jet is the inte-
grated luminosity of the single volumes along the field,
taking into account also the number of volumes along the
jet-tori (Fig. 3c). The emission lines at 6.6 and 6.9keV
can be identified as K« lines from He-like and H-like iron,
while the one at 8.2keV could be the K from the He-like
iron.

3.2. The hot flow close to the disk (T > 10° K)

The thermal continuum of an optically thin fully ionized

plasma follows from the formula of bremsstrahlung emis-
sion (Rybicki & Lightman 1979),

dw
dvdt dv

Ey =6.8 X 10738Z2ne’niT71/2eihy/kTga (1)

(in ergs~'em ™2 Hz 1), with the velocity averaged Gaunt
factor g(7T,v)!, the atomic number Z, the electron and
ion number densities n, and n;, the Planck constant h
and the Boltzmann constant k. Considering the calcu-
lated volume parameters for temperatures below 10° K,
we obtain a bremsstrahlung luminosity Ly, compara-
ble to the results in Fig. 2 as expected, in fact, since
bremsstrahlung is included in that calculation. Still con-
sidering M; = 10719 Mg yr=, for T ~ 10'°K we obtain
Ly ~ 10%® ergs~1(0.1keV) ™!, for T ~ 10 K we obtain
Ly ~ 10?7 ergs™1(0.1keV) ™!, and when T ~ 102K the
luminosity is Ly, ~ 10%° ergs~!(0.1keV)~!. Therefore, we
expect an increase of the X-ray luminosity due to the
bremsstrahlung contribution of the hottest regions in the
jet-disk system, if the optically thin condition is still sat-
isfied there.

1 For simplicity, the estimates in this subsection are obtained
for a Gaunt factor set to unity. For the spectra shown in our
paper this factor differs slightly from volume to volume.

4. Relativistic effects — Doppler shift and boosting

We now consider relativistic Doppler effects due to the
motion of the jet volumes toward the observer. The rela-
tivistic Doppler factor is D = (y(1 — Bcosf)) !, where v
is the Lorentz factor, 8 the plasma velocity in units of the
speed of light and 6 the angle between the trajectory of
the volume and the l.o.s. The observed energies FE, and
luminosities L, of each volume element are shifted and
boosted to the rest frame values (index e),

Ey,=DE, and Lo(E,) = D?L¢(FE,). (2)

Note that the Doppler factor depends on both v and 6
(see also Urry & Padovani 1995) and is unity for § =

arccos (\ /(y—=1)/(v+ 1)) For larger angles, relativistic

de-amplification takes place due to the time lapse in the
moving frame of reference. This is the reason for D < 1
in our jet (Table 1). Also known as second order Doppler
effect, this was first observed in SS 433 (Margon 1984).
De-boosting is also present in the asymptotic radio jets
(different from the collimation region investigated here) of
GRS 19154105 inclined by 70° to the l.o.s., actually pro-
viding a distance indicator (Mirabel & Rodriguez 1994).

4.1. Shifted and boosted spectra

Figures 3a,b show the effect of boosting and shifting of the
rest frame spectra. For an angle between the l.o.s. and the
jet axis of 40°, the maximum boosting D? = D? ;; = 6.7
is obtained for the volume with T = 10564 K (see also
Table 1). The maximum de-boosting is for the volume at
the opposite side of the cone, D% ,; = 0.15. As in the rest
frame, the “hot” spectra are flatter.

To obtain a total shifted and boosted spectrum we
need to interpolate the single volume luminosity values
since they are shifted to different energies. Considering the
case where the jet axis is along the lL.o.s. (6}, see Fig. 3c),
we have only a weak effect of shifting, in fact, we are look-
ing almost perpendicular to an uncollimated flow. For a
larger jet inclination the Doppler effects become larger. In
this case, one should take into account the fact that the
angle between the velocity and the lL.o.s. () varies along
the jet-torus. However, we have considered it reasonable
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Fig. 3. Doppler shifted and boosted spectra. Spectra for a volume element with 7 = 10 K a) and T = 10°K b) for different
jet inclinations. Doppler factor D_4o (triple dotted-dashed line, top), D_20 (dotted-dashed line, top), rest-frame (solid line),
Dy (dotted line), D120 (dotted-dashed line, bottom), Di40 (triple dotted-dashed line, bottom). c) Comparison of the total
shifted /boosted spectrum D) (thick dotted line) of a conical sheet with the rest-frame spectrum (thin solid line). d) Inclined
jet, comparison of the boosted spectra D_z¢ (thick line top) and D429 (thick line bottom) with the total spectrum (thick line

middle) and the rest-frame spectrum (thin line middle).

to divide the jet-tori in two regions, one third containing
volume elements for which the Doppler effect has been
calculated using the minimum angle between the plasma
velocity and the l.o.s., and two thirds containing volume
elements for which the Doppler effect has been calculated
using the maximum angle between the plasma velocity
and the l.o.s.

The total spectra have been calculated by first conside-
ring the blue-shifted and red-shifted parts of the flow and
then summing up all the luminosities in each energy bin,
where blue and red shifted luminosities are available. The
result is shown in Fig. 3d with the luminosity rescaled in
order to compare the total spectrum with its components.

Note that the iron line features are considerably shifted
also after the interpolation. The change in the line shape

is due to the fact that for each of the 5000 volumes along
the jet a different Doppler factor must be considered. For
a larger jet inclination (D_49 , Dy40) the lines are spread
out widely because of the larger Doppler shift (not shown).
The de-boosting contribution of the receding counter-jet
has not been taken into account.

5. Discussion
5.1. X-ray luminosities

We find a total rest-frame X-ray luminosity of the jet
Lx = 3.8 x 103! (M;/10~® Mg yr~")ergs~!. The total
kinematic luminosity for this jet mass flow rate is Ly =
yM;c® ~ 10%° ergs~' > Lx. This proves a posteriori that
the assumption of a polytropic gas law used to obtain the
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Table 1. Dynamical parameters for four example volume el-
ements. Quoted are temperature T, mass M, particle density
p and the Lorentz factor 7. The angle 6 is the angle between
the plasma velocity and the l.o.s., if the l.o.s. is parallel to
the jet axis. The corresponding Doppler factor is D). If the
l.o.s. is inclined 20° to the jet axis, the minimum (maximum)
angle between the plasma velocity and the lLo.s. is 6 — 20°
(0 +20°) with a corresponding Doppler factor D_20 (Dy20)
and similarly for an inclination of 40°.

T (K) 10° 10% 107 10964
M (gr) | 7x10" | 2x 10" | 1.1 x 10" | 0.97 x 10"
p(em™) | 6 x 10" | 2x 10" | 6x 10" | 2x 10"
v 1.014 1.179 1.428 1.494
0 (°) 82 7 72 70
Dy 1.010 0.960 0.898 0.899
D_s 1.07 1.19 1.25 1.28
D20 0.96 0.79 0.68 0.67
D_4qo 1.12 1.47 1.77 1.88
D40 0.91 0.68 0.55 0.53

MHD wind solution is consistent with the amount of ra-
diation losses.

Considering the Doppler factor D), the total
X-ray luminosity of the jet is Lx = 6.4 X
1032 (M;/10~8 Mg yr—')ergs~'. In the case of an in-
clined jet axis (D_g0, D420) we have Lx = 1.4 x
103 (M;/1078 Mg yr—)ergs™'. For D_49 and Dy
we obtain Lx = 1.1 x 103 (M;/1078 Mg yr—")ergs™!.
These values can be increased by the contribution of
bremsstrahlung from the high temperature (T > 10° K)
volumes till about Lx = 103*ergs™?.

In comparison, the X-ray luminosity of GRS 1915+105
is 103 ergs™! in low-state and 10%? ergs™! in high-state
(Greiner et al. 1996), and larger than the one we obtain.
Such a luminosity might be obtained from the jet for an in-
creased mass flow rate. The jet inclination of 70° implies a
maximum boosting of about 20 for some volumes. Further,
also the accretion disk contributes to the X-ray flux. In
SS433 we have Lx > 10%5 ergs™! (Brinkmann et al. 1996)
but no broad Fe-lines are observed. This might be either
due to a very low mass flow rate (low jet luminosity) or to
a very high mass flow rate (self-absorption of the emission
lines).

Higher jet velocities (v > 2) may increase the Doppler
boosting. Such velocities can be easily obtained for a
higher flow magnetization, i.e. for a stronger magnetic
field strength or a lower jet mass flow rate (see FGO1;
Fendt & Camenzind 1996). However, for the same mass
flow rate, a higher velocity implies a lower gas density,
which may lead, instead, to a decrease of the lumino-
sity. The interplay of these effects is rather complex. The
rest frame emissivity depends on the density as ~p? and
is also proportional to the emitting volume. The maxi-
mum Doppler boosting increases with the Lorentz factor,
D3(cosf = 1) ~ (272 (1 + /1 —72))%/2, whereas the
real boosting parameter also depends on the inclination
of the velocity vector to the l.o.s. Answering the question
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how these effects determine the observed X-ray luminosity,
would require a detailed study of various MHD wind solu-
tions and their derived spectra investigating different mag-
netic field geometries (degree of collimation), jet mass flow
rates (the flow magnetization), and also possible masses
of the central black hole. We will return to this important
point in a future paper.

Markoff et al. (2001) have recently shown (for
XTE J1118+4480) that synchrotron emission from the jet
may play a role also in the X-ray band. Their model dif-
fers from ours in some respects, especially the initial jet
acceleration is not treated and the jet nozzle geometry
is more concentrated along the axis with a jet radius of
only 10 Schwarzschild radii (in our model the jet is much
wider and collimates later). As a consequence, the densi-
ties become higher and it is questionable whether a more
reasonable jet geometry will deliver the same amount of
X-ray flux.

5.2. Jet plasma composition

At this point we should note that the fundamental ques-
tion of the plasma composition in relativistic jets has not
yet been answered. In the case of microquasars we do not
really know whether the jet consists of a e pT or a e”e™
plasma (see e.g. Fender et al. 2000). It could be possible
that these jets are “light” jets, i.e. made of a pair plasma
only, and we would not expect to observe an iron line emis-
sion from such jets. Instead, the iron line emission would
then arise from processes connected to the accretion disk
or an accretion column. Such models were discussed for ex-
ample in the case of XTE J1748—288 (Kotani et al. 2000;
Miller et al. 2001).

On the other hand, the theoretical spectra derived in
our paper provide an additional information needed in
order to interpret the observed emission lines. A deeper
understanding will, however, require a more detailed in-
vestigation of different jet geometries, viewing angles and
mass flow rates. In the end, this might answer the ques-
tion whether the line emission, or at least part of it, comes
from the highly relativistic jet motion or from a rapidly
rotating (i.e. also relativistic) accretion disk. For exam-
ple, we expect the emission lines of a collimated jet being
narrower, and probably shifted by a larger Doppler factor,
due to the strong beaming. One should also keep in mind
that the direction of motion of the jet material is inclined
(if not perpendicular) to the disk rotation.

Evidently, if the observations would tell us that the
Doppler shifted Fe lines which are visible in our theoretical
spectra arise in the jet material, this would also prove the
existence of a baryonic component in these jets.

Nevertheless, observations in the radio and shorter
wavelengths give clear indication for synchrotron emis-
sion from highly relativistic electrons. Whether this non
thermal particle population contributes to all of the ob-
served emission is not clear, a hot thermal plasma may
also exist besides the non thermal electrons.
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A similar discussion concerning the plasma compo-
sition is present in the context of extragalactic jets
(e.g. Mukherjee et al. 1997). The non thermal emission
from blazars can be explained by inverse Compton scat-
tering of low-energy photons by the relativistic electrons
in the jet. However, two main issues remain unsolved: the
source of the soft photons that are inverse Compton scat-
tered, and the structure of the inner jet, which cannot be
imaged directly. The soft photons can originate as syn-
chrotron emission either within the jet (see e.g. Bloom &
Marscher 1996) or nearby the accretion disk, or they can
be disk radiation reprocessed in broad emission line clouds
(see e.g. Ghisellini & Madau 1996). In contrast to these
leptonic jet models, the proton-initiated cascade model
(see e.g. Mannheim & Biermann 1989) predicts that the
high-energy emission comes from knots in jets as a conse-
quence of diffusive shock acceleration of protons to ener-
gies so high that the threshold of secondary particle pro-
duction is exceeded.

Comparison of our calculated Fe emission lines to the
observed ones potentially give some hints on the plasma
composition (e"p™ or e"e') in relativistic jets.

6. Summary

For the first time, theoretical thermal X-ray spectra were
obtained for the dynamical parameters of a relativistic jet
calculated from the MHD wind equation. The total spec-
tra were derived as composition of the spectral contribu-
tions of the single volume elements accelerating along the
jet with relativistic speed. Our results are the following.

1. We find X-ray emission from the hot inner part of the
jet originating in a region of 2.5 x 107° AU diameter
close to the center of a 5 Mg jet source. The jet X-ray
luminosity is Lx ~ 1033 (M;/1078 Mg yr—!) ergs—?.

2. Emission lines of Fe XXV and Fe XXVI are clearly
visible in our spectra. Interestingly, the K« iron emis-
sion line has been probably observed in GRS 1915+105
(Ebisawa et al. 1998) and XTE J1748-288 (Kotani
et al. 2000). The absence of broad Fe-lines in the spec-
trum of SS433 might tell us something on the “in-
visibility” of the acceleration region above the disk.
Comparison of our calculated emission lines to ob-
served ones may give some hints on the plasma com-
position in relativistic jets.

3. From the MHD jet underlying the spectra we find
a maximum Doppler boosting of about 7. Minimum
boosting is present along the opposite side of the jet
cone (Doppler factor 0.53). The shift of the emission
lines is always visible. The boosting, however, does not
play a major role in the total spectra, because of the
uncollimated geometry of the innermost part of the jet
emitting the X-rays and the combined effect of boost-
ing and de-boosting around the jet cone.

If jets from X-ray binaries indeed contain matter of bary-
onic composition, our model will have a broad application.
Indication of that is probably given by the observation of

E. Memola et al.: Thermal X-ray spectra

iron emisson lines in some sources (see above). However,
it is not yet clear, whether the line emission originates in
the jet or in the accretion disk. Our calculated Fe emis-
sion lines may help to interpret the observed spectra and
potentially give some clue on the plasma composition in
relativistic jets.

This study will be extended in a future work investi-
gating spectra of jets with different magnetic geometry,
mass flow rates and central masses. In the end, this might
also allow to constrain the intrinsic parameters of jet for-
mation itself (such as mass loading or opening angle) from
the observation of the large-scale, asymptotic jet.
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