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Intr oduction

Jetsareubiquitousin theuniverse.They arehighly collimatedflows of gasandenepgy
producedoy alargevarietyof astrophysicabbjects.Thesencludeyoungstars stellar
massblackholes,Active GalacticNuclei andpresumablyalsoGammaRay Bursts.

Despitethelargedifferencesn thesizesof thesgets,the physicsof the propagatiorof
jet flows andthe radiatve mechanismst work in themaresimilar in mary cases.In
particular jetspoweredby accretiondisksin binary starswith ablackholecomponent
(microquasarsareprobablysmall-scaleversionsof the outflows from AGN.

Relatvistic jetswith bulk Lorentzfactorsrangingfrom ~ 2 to ~ 20 areobsenedclose
to someAGN (Begelman,Blandford & Rees1984). The explanationfor the knots
seenin the jets of microquasarand AGN are shockfronts travelling along the gas
flow constitutingthejet. Theseshocksacceleratelectrondo very highrandomveloc-
ities. Theirrelativistic Lorentzfactorscanreachseveral10® whichimpliesvelocitiesin

excessof 0.999999999%5imesthe speeddf light! As theseelectronsemitsynchrotron
radiationwhich we obsene, thereare also magneticfields in jets. How thesefast-
moving jetsareproducedemainsanopenquestion.

Although various mechanismdave beenproposedto explain jets acceleratiorand
collimation, sincethe famouswork of Blandford& Payne(1982)anelectromagnetic
origin of jetsseemso befavoured.

In general,dueto the compleity of the magnetohydrodynamiequationsdescribing
the field structureandthe flow dynamicsalongthe field, stationaryrelativistic mod-
els of magneticjets have to rely on simplifying assumptionsuchas self-similarity
(Contopoulosl994,1995),someotherprescriptionof the field structure(Li 1993)or
therestrictionto asymptoticregimes(Chiueh,Li & Begelmanl1991;Appl & Camen-
zind 1993b; Nitta 1994, 1995). For highly magnetizedets the force-freelimit may
be applied. This allows for a truly two-dimensionaktalculationof the magneticfield
structure(Fendt,Camenzind Appl 1995;Fendt1997a).

Takinginto accountheobsenationalevidenceof aconnectiorbetweerdisks,jetsand
magnetidields,the purpose®f thiswork were:

e Thenumericalkalculationof theglobaltwo-dimensionastructureof thejet mag-
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4 Intr oduction

netosphereincluding differential rotation of the foot points of the field lines
(Fendt& Memola2001a;Memola& Fendt2001).

e Theinvestigationof theinnerjet X-ray emissionasa tracerof the jet dynamics
(Fendt& Memola2001b;Memola,Fendt& Brinkmann2002).

This thesisis organizedin 5 chapterswith a final partdedicatedo summaryanddis-
cussionof thenewly obtainedresults.

Chapter 1: a brief overview aboutastrophysicabbjectswith jets is presentedand
the examplesof M87 andHH212 areillustrated. A shortintroductionto the standard
modelof a magnetiget-disk systemis given.

Chapter 2: the problemof the magneticfield structurecalculationis described. It
impliesthe solutionof the specialrelatvistic Grad-Shaframoequation.

Chapter 3: numericalresultsshaving theglobaltwo-dimensionajet field distribution
arepresente@nddiscussedyith particularapplicationto the active galaxyM87.

Chapter 4: asolutionof themagnetionind equatioralonga givenfield line is usedto
obtainX-ray luminositiesof jet-tori at differenttemperatures.

Chapter 5: thetotal spectraof theinnerjet arepresentedor differentinclinationsof

theline-of-sightto thejet-axis. Dopplershifting andboostingof eachvolumeelement
alongthe jet have beentakeninto account. Resultsare comparedvith obsenational
dataof themicroquasar&RS1915+105andXTE J1748-288.

Summary: outlineanddiscussion.

Appendix: detailsaboutthe Finite ElementCode(Camenzindl987; Fendt,Camen-
zind & Appl 1995; Fendt& Memola200la;Memola & Fendt2001) usedfor the
solutionof the Grad-Shafranoequationareclarified.



Chapter 1

Astrophysical jets

1.1 Observational evidence

Highly collimatedandaxisymmetrigetsareobsenedin YoungStellarObjectyYSOs),
in high enegy galactic sources(microquasarspand Active Galactic Nuclei (AGN).

Someobsenationalevidencesuggestalsothe presencef jetsin Gamma-RayBursts
(GRBs).

Collimatedjetsseemto be systematicallyassociateavith the presencef anaccretion
disk arounda star or a collapsedobject. In all known type of jet sourcesa disk is
believedto bepresen{Mirabel & Rodiguez1999).Ontheotherhand thereexist disk
systemswithout jets, like in the caseof CataclysmicVariables(CV) binary systems,
but thereasorfor this physicaldifferences notyetknown.

It hasbeenarguedthatwhenrelatvistic motion of the jet materialis obsenred,the jet

mustbe strongly magnetizedMichel 1969; Fendt& Camenzindl996). To produce
superluminaimotion thereare two requirementsyi) the blobs mustbe moving with

velocitiesapproachinghe speedof light (u ~ ¢), (ii) the blob trajectory must be
inclinedata smallangleto theline-of-sight.

Jetsareradio, infrared, optical, X-ray and-~y-ray emitters(e.g.Sikoraetal. 1997). In
particular thestronglypolarizedopticalandradiosynchrotrorradiation(e.g.Burbidge
1956)is the signatureof the presenc®f magnetidields.

1.1.1 Young Stellar Objects

Obsenationsshav thatyoungstellarobjects(Y SOs)may consistof threemaincom-
ponents:a protostar(e.g.a T Tauri star)a circumstellaraccretiondisk andhighly col-
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6 Astrophysical jets

limated jets (sometimedeingrelatedto Herbig Haro (HH) objects)that canextend
from 100AU till 10° AU away from theyoungstar(Biretta1999)with velocitiesabout
400km/sec(e.g.Mundtetal. 1990).

The accretiondisk channelshe gasand dustof a collapsingcloud onto the central

protostellarobject. The outflowing gasis thoughtto be collimatedand accelerated
by magneticfields, but direct obsenational evidencefor suchfields hasso far been

lacking. The youngstardipolarfield strengthmay be of the orderof someor several

kiloGausg(André etal. 1991;Rayetal. 1997).

Jetscanin principle be usedto studythe accretionandejectionhistory of the system,
hiddenfrom directview by the dustanddensegasof the parentcloud. On the other
hand,jets have often structure2oo complex to determinewhich featuresariseat the
sourceandwhich aretheresultof laterinteractionswith the surroundinggas. An ex-

ampleof a protostellarjet is shavn in Fig. 1.1 (Zinnecker, McCaughrear& Rayner
1998).Thejetis drivenby aninvisible protostarata distanceof 400pc, in thevicinity

of theHorseheacdhekulain Orion. Fig. 1.1is a high-resolutiomearinfraredimageof

the centralknots and bawshocksin HH212, extendingfor ~ 3.3 x 10* AU. HH212
coversatotallengthof ~ 105 AU. Theseobsenationsshav aremarkablébipolarsym-
metry centredon the driving source,and, in particular a sequencef knotty shock
structuresoccurringat quasi-rgularintervals andwith nearperfectmirror symmetry
eithersideof thesource.

1.1.2 Micr oquasars

MicroquasargMirabel & Rodiguez1999)are X-ray binarieswith relatiistic jetsin
our Galaxy They mimic, on a muchsmallerscale,mary of the phenomenaeenin
quasarsin thesebinariesof stellarmassthe threebasicfeaturesof quasararefound:
a black hole, an accretiondisk and collimatedjets. In microquasargseeFig. 1.2) a
black hole of a few solarmassess presentnsteadof a several million solarmasses
oneasin quasarsthe disk hasmeanthermaltemperaturesf several million degrees
insteadof severalthousandsthe matterejectedatrelatiistic speeccanreachdistances
of afew light yearsagainsseveralmillion of yearsasin thecaseof giantradiogalaxies
(Mirabel & Rodiiguez1998). Five microquasargat the moment,but the numberis
increasing!)arefor suresuperluminakources:1) GRS1915+105,with a black hole
massof 14 + 4 M., (Greiner Cuby & McCaughrear?2001)at a distanceof 7—12kpc
from the Sun(Fenderet al. 1999),2) GRO J1655-40, with a blackhole massaround
7 M, atadistanceof 3.2kpc (Greiner2000),3) XTE J1748-288, with a constraint
for the massof the black hole of Mgy > 4.5 M, atadistanceD > 8 Kpc (Miller et
al. 2001),4) SAX J1819.3-2525(V4641 Sgr) with a black hole massaround8.73—
11.70M,, (90% confidence)t a distanceof 7.40-12.3Xkpc (90% confidence Orosz
etal. 2001),5) XTE J1550-564 thatis believed to harbora black hole, but a mass
function hasstill to be measuredat a distanceof 2.5kpc (Corbeletal. 2001). In all
casegheintrinsic velocity of thejet componentss higherthan0.9c. Thejet magnetic
field strengthis notknown.
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Figurel.1: High-resolutiomearinfraredimageof the centralknotsandbowshocksn
HH212 (Zinnecler, McCaughrea®& Raynerl998).

Till the recentdiscovery of jets from othermicroquasarsStephenson-Sanduledi833
(SS433)wastheonly known exampleof amildly relatwistic jet in our Galaxy SS433
is a binary systemin the SNR W50, where a neutronstar accretesmatterfrom its
companionforming anaccretiondisk. The detectionof large, periodicDopplershifts
in the optical lines of SS433(Margon et al. 1979), resultedin the propositionof a
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kinematicmodel(Fabian& Reesl979;Milgrom 1979),consistingof two jetsof 0.26¢
precessingpecausef tidal forces.
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Figure1.2: Diagramillustrating currentideasaboutquasarandmicroquasargnot to
scale)by MirabelandRodriguez(1998).

1.1.3 Active Galactic Nuclei

Theactvity in radioquietandradioloud AGN (Urry & Padovani 1995)is mostprob-
ably poweredby accretionontoa supermasse blackhole.

In radio-quietAGN jets are slow andhighly dissipatve. In radio-loudAGN jets are
highly collimatedandrelatiistic. The plasmaget streamsutward,on scaleof parsec,
atrelatvistic speedwhile on scaleof hundredkiloparsecr evenMegaparsed might
bethatthejet velocityis a smallfractionof thespeedf light. Radiojetsarein factde-
tectedon scalefrom 10'” cmto severaltimes10?* cmdistancefrom thehostgalaxy a
factorof 10largerthanthelargestgalaxies.Thesgetspenetrateheir hostgalaxiesand
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extendinto theintergalacticmediumwherethey endup in brighthot spots.Theorien-
tationof theobsenrerrespectothejetis adeterminingactorin theobsenedproperties
of thoseAGN, but thereis a strongtendenyg in consideringheseclasseasfundamen-
tally identical. At the centeris a supermasse black hole (Mgy ~ 10"~° M) whose
gravitational potentialeneqgy is the ultimate sourceof the AGN luminosity (varying,
from radio wavesto gamma-raysfrom 10*! to 10* ery/sec). Matter pulled towards
the black hole losesangularmomentumthroughviscousor turbulent processes an
accretiordisk, which glowsbrightly atultraviolet andperhapsoft X-ray wavelengths.
Hard X-ray emissionis alsoproducedvery nearthe blackhole, perhapsn connection
with a penasie seaof hot electronsabove the disk.

Giving the fact that radio emissionfrom jets is nonthermaland polarized,the phe-
nomenologicamodelassumeds the optically-thin synchrotronsource. In the limit
of minimum enepgy requirementcorrespondingo equipartitionbetweenrelatvistic
electrons(and protons)and magneticfield, the field strengthin AGN jets on scales
2-10? kpcis of the orderof milliGauss(Ferrarietal. 1996). Theaccretiondisk around
a supermasse black hole createsa strongmagnetospherwith typical field strenghts
of theorderof afew kiloGaussatthe surfaceof thedisk (Camenzindl990).

1.1.4 The exampleof M87

Thefirst evidenceof jet-like featureemanatingrom thenucleiof galaxieggoesbackto
the opticaljet of the giantelliptical galaxyM87, at a distancefrom earthof 14.7Mpc
(Junor Biretta& Livio 1999),in the Virgo cluster M87 wasdiscoveredby the French
astronomelCharlesMessierin 1781. Its jet wasdiscoveredby HeberCurtisin 1918
as“a curiousstraightray ... apparentlyconnectedvith the nucleusby a thin line of
matter”, but it remainedan astronomicakuriosity until the begin of seventies,when
radio-jetsstartecto berevealedin a greathumberof radio-galaxies.

In Fig. 1.3,asabackgroundis animageof thelargescaleradiohalotakenby theVery
Large Array (VLA) at 327 MHz (90cm) from Owen, Eilek & Kassim(2000). The
radio emitting “bubbles” of hot gasare believed to be poweredby the black hole at
the galaxycenter The full extentof the radio sourceis about80kpc endto end. The
innerlobesandthejet canbe seenastheredstructurein the centerandtheblack hole
is locatedin the centerof thisinnerstructure As detectedy the satellitesEINSTEIN
andROSAT, M87 andits radio halosit in a large atmospher@f hot, X-ray loud gas.
In the VLA imagetakenat 20cm from Owen(seeFig. 1.3) theinnerradiolobesare
visible. They extendabout5kpc endto end. Thereis no visible sign of a countefjet,
but the apparenflows seenin the halo suggesthatit exists but is very faint. In the
VLA 2cmimage,takenfrom Biretta& Owen(seeFig. 1.3),the scalefrom the bright
coreto the outermosbright spotis about2kpc. The7 mm VLA imagefrom Owen&
Biretta(seeFig. 1.3)is aflow-upof thecore.In theVeryLargeBaselindnterferometry
(VLBI) imageat 18cmfrom Biretta& Junor(seeFig. 1.3)thelengthof thevisible jet
is aboutl7pc, while in theVLBI imageat 1.3cm from Biretta& Junor(seeFig. 1.3),
thelengthof thevisible jet is about2.5pc. Theinnermostet featureshave a size of
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¥YLA -7 mm

VLA - 90 om

Figurel.3: M87 — From200.00(Light Yearsto 0.2Light Year Credit: F. Owen(Na-
tional Radio AstronomyObsenatory), J. Biretta (SpaceTelescopeSciencelnstitute)
andcolleagueghttp://antwrp.gsfc.nasa.gapod/ap990216.html

about0.1pc,aboutl100timesthesizeof thesupermasse blackhole (Mgy = 10° M)
which drivesthe system.

1.1.5 Gamma-RayBursts

GRBsaresuddenjntenseflashesof gamma-raysvhich, for a few blinding seconds,
light up in an otherwisefairly dark gamma-raysky (Mésziros 2001). A major ad-
vanceoccuredin 1991 with the all-sky surwey of the Burstand TransientExperiment
(BATSE) onboardthe ComptonGamma-RayObsenatory (CGRO) measuringabout
3000bursts.Thedurationrange(atMeV enegies)wasfrom 102 secto about103 sec,
with amoreor lessbimodaldistribution of long bursts(t.,s: > 2 sec)andshortbursts
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(trurst < 2sec). Fastprogressehiave beenmadein the last five years,in fact, the
Italian-DutchBeppo-SAXsatellite Jaunchedn 1996,succeededh obtaininghighres-
olution X-ray imagesof GRB eventsanddiscoveringthe X-ray afteiglow phenomenon
with theburstGRB970228(Costaetal. 1997),followedby otherGRB detectionsap-
proximatelyat the rate of 10 peryear The measuremenand localizationof fading
X-ray afteiglows from someGRBSs, lastingtypically for days,madepossiblethe op-
tical andradio detectionof aftelglows, thatmarkthelocationof the brief GRB event.
Theseafteglows, in turn, allowedthe measurementf redshiftdistancestheidentifi-
cationof hostgalaxiesandthe confirmationthat GRBswereat cosmologicallistances
of the orderof billions of light-years lik e the mostdistantgalaxies.

Evenat thosedistanceghey appearso bright thattheir enegy outputhasto be of the
order10%-10° ery/sec,and from causalitythis mustarisein a region of size of the
orderof kilometersin a time scaleof the orderof seconds.This impliesthatan e*,
~ fireball mustform, which would expandrelatiistically (e.g. Shemi& Piran1990),
but a smoothlyexpandingfireball would cornvert mostof its enepy into kinetic enegy
of acceleratedbarionsratherthaninto luminosity. This problemwassolvedwith the
introductionof the fireball shockmodel (Rees& Mésziros 1992; Rees& Mésziros
1994)basedon the fact that shockwaveswould inevitably occurin the outflow, and
thesewould recorvert the kinetic enegy of expansioninto nonthermalparticlesand
radiationenegy (seeFig. 1.4). Similarly to what is obsened by spacecrafin in-
terplanetaryshocks,the onesin the fireball outflow are expectedto be collisionless,
i.e. mediatedoy chaoticelectricandmagneticfields. A turbulentmagneticfield could
bebuilt upbehindtheshocks. A beamedet would reducetheenegy requirementsind
someobsenational evidencesuggeststs presencde.g. Sari, Piran& Halpern1999;
Jenseret al. 2001). Whethera jet is presentor not, suchenegies arein principle
achievablefor burstsarisingfrom stellarprogenitorsput, how this enepy is corverted
into an ultrarelatvistic and possiblycollimatedbulk outflow is still not well under
stood. Moreover, the progenitorsof GRBsare,sofar, not well identified. Oneclass
of candidatesnvolves massve starswhosecore collapsesprobablyin the courseof
meiging with a companion(e.g. hypernwae, collapsars- for details, seeMésziros
2001). Otherpossiblecandidatesreneutronstarbinariesor neutronstar- black hole
binaries,which looseorbital angularmomentumby gravitational wave radiationand
undegoameiger All theseprogenitorsareexpectedo have asfinal resultthe forma-
tion of afew solarmasseblackhole,surroundedyy atemporarjtoruswhoseaccretion
canprovide asudderreleasef gravitationalenepgy sufficientto poweraburst. An e,
~ fireball arisesfrom the enormouscompressionaheatinganddissipationassociated
with theaccretionpossiblyinvolving asmallfractionof baryonsandmagnetidieldsin
excessof 10'5 Gausswhich canprovide the driving stressegeadingto therelativistic
expansion.This fireball may be substantiallycollimated,if the progenitoris amassve
star wherean extended,fast-rotatingenvelopecan provide a naturalescapeway or
funnelfor the fireball alongthe rotationaxis. Otherpossiblealternatvesincludethe
formationfrom a stellar collapseof a fast-rotatingultra-high magneticfield neutron
star(e.g.Spruit1999),or thetidal disruptionof a compactstarby a 105-10° M, black
hole.
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Figurel.4: SchematicGGRB from amassve stellarprogenitor resultingin arelativistic
jet which undepgoesinternalshocksproducinga burstof y-raysand(asit decelerates
throughinteractionwith the externalmedium)anexternalshockafteiglow whichleads
successiely to y-rays, X-rays, optical and radio. Iron lines may arisefrom X-ray
illumination of a pre-ejectedshell (e.g.supernwa remnant)or from continuedX-ray
irradiationof the outerstellarernvelope(Mésziros 2001).

o
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Figurel.5: Equipotentiaburfacesfor abeadonawire. Thedashedine atr = v/3r is
theasymptotdor the surfaceof mamginal stability which reachesnfinity in z direction
(Blandford& Payne(1982);seealsotext in § 1.2).

GRBsremainat the momentan enigmaticcosmicphenomenorand one of the most
importantopenguestionss whetherthe burstemissions isotropicor stronglybeamed
in our direction.
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1.2 The standard model- A magneticjet

The standardmodel of a jet-disk systemhasbeenan original idea of Blandford &
Payne(1982). Enegy andangularmomentumareremoved magneticallyfrom the ac-
cretiondisk by field linesanchoredo thedisk surfaceandextendingto largedistances.
Themagnetidield linesaretakento befrozeninto thedisk andthe plasmas assumed
to follow themlik e a beadon awire. Therotationalenegy of thedisk plasmais used
to power a magnetizectcentrifugally driven outflow that might dissipateits enegy in
theregionsof obsenedradioemission.

Blandford & Payne(1982) show that a centrifugally driven outflow of matterfrom
the disk is possible,if the poloidal componenithroughthe meridionalplane)of the
magnetidield is lower thana certainangle. This canbe shovn by comparingequipo-
tential surfacesfor a beadon a wire, corotatingwith the Keplerianangularvelocity
(GM/r3)'/? ataradiusry. Theequationof the surfacesjn cylindrical coordinatesis

GM (1 /7r\? To
d —_ _ _ - - @@ | = .
(r,2) o [2 (7’()) + 2+ 2)7%) constant (1.1)

(seeFig. 1.5).

If the projectionof the wire on the meridionalplanemakesan angleof lessthan60°
with theequatoriaplane theequilibriumatr = ry is unstable This meanghereis no
potentialbarrierto the flow, thatcanfreely leave the disk andbe acceleratedutwards
by the strongcentrifugalforce. If the angleis greaterthan 60°, the equilibrium is
stable thereforethereis a potentialbarrier (above the disk) to the flow andthe mass
flux rapidly decreases.

The disk wind, beingfirst accelerateadentrifugally reacheghe Alfv én point at large
distancedrom the disk. Then, the toroidal componentazimuthaldirection) of the
magneticfield becomesmportant, pinching the poloidal outflow (self-collimation)
into a pair of anti-paralleljietsmoving perpendiculato the disk (seealsoFig. 1.6).

1.3 The matter contentof jets

Whereagets from forming starsare believed to be molecularmaterialentrainedby
fasteroutflow of atomicmaterial,the basicnatureof AGN andmicroquasargets has
not beenunambiguouslydetermined. Possibilitiesinclude an electron-protorheavy
plasm&(i.e. normalmaterial)andanelectron-positrofight plasm&(i.e. apair plasma).

For microquasarsve do not really know whetherthe jet consistsof ae p* orae e
plasma(seee.g.Fenderet al. 2000). It could be possiblethat thesejets arelight jets
(madeof a pair plasmaonly) andwe would not expectto obsere aniron line emis-
sion from suchjets. Instead the iron line emissionwould thenarisefrom processes
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Figure 1.6: The modelof jet formationfrom accretiondisks. The threecomponent
system- centralobject,accretiondisk, jet — is coupledby magneticfield. An accre-
tion disk surroundingthe centralobjectis essentiafor jet formation. An important
differencebetweerstellarjetsandblackholejetsis thatthe magnetidield of jetsfrom
black holesmustbe generatedby the surroundingaccretiondisk, in fact,it cannotbe
providedby the centralcollapsedobject. The accretingmaterialis partially redirected
into thejet, clearlyno massoutflow is possiblefrom ablackholein contraryto astellar
wind. Credit: Ch. Fendt.

connectedo the accretiondisk or anaccretioncolumn. Suchmodelswerediscussed
for examplein the caseof XTE J1748-288 (Kotani et al. 2000; Miller et al. 2001).
Neverthelesspbsenationsin the radio and shorterwavelengthsgive clearindication
for synchrotroremissionfrom highly relatiistic electrons.Whetherthis nonthermal
particlepopulationcontributesto all of theobsernedemissioris notclear ahotthermal
plasmamayalsoexist besidegshenonthermalelectrons.

For AGN relatwistic jets theoreticaland obsenationalargumentsconcerningthe hy-
pothesisof heavyplasmajets and light plasmajets have beendiscussedalmost20
yearsagofrom Begelman,Blandford& Reeg(1984),but no definiteconclusioncould
bedrawn. Celotti& Fabian(1993)have addressetheissueof themattercontentof jets
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in asampleof radio-loudquasarsndradiogalaxies.Combiningthe synchrotrorself-
Comptonconstraintsvith indicationsof the kinetic luminosity, they suggesthat, for
thesampleasawhole thejetsareheary. Two mainissuegemainunsoled: thesource
of the soft photonsthat areinverseComptonscatteredandthe structureof the inner
jet, which cannotbe imageddirectly. The soft photonscanoriginateassynchrotron
emissioneitherwithin the jet (seee.g.Bloom & Marscherl996)or nearbythe accre-
tion disk, or they canbe disk radiationreprocesseth broademissionline clouds(see
e.g.Ghisellini & Madaul1996). Resultsof Reynoldset al. (1996)indicatethe M87
jet to be dominatedby electron-positror(pair) plasma,althoughan electron-proton
plasmacannot be conclusvely dismissedIn contrastto thesdeptonicjet models the
proton-initiatedcascadanodel (seee.g.Mannheim& Biermann1989) predictsthat
thehigh-enegy emissioncomedrom knotsin jetsasaconsequencef diffusive shock
acceleratiorof protonsto enegies so high that the thresholdof secondaryparticle
productionis exceeded.

Heavy jetsfit with relativistic magnetohydrodynam{®HD) modelsfor theformation,
acceleratiomndcollimationof jets,which predictasymptoticsolutionswith aslow but
efficient corversionfrom magnetico kinetic powers(Li, Chiueh& Begelmanl1992).



16

Astrophysical jets



Chapter 2

Two-dimensionalmagneticfield
structur e of relativistic jets: setup of
the theoretical problem

2.1 Magnetic jets

Besideobsenationsof astrophysicajet sourcesalsotheoreticalconsiderationhave
shownvn that magneticfields play an importantrole in jet formation and propagation
(Blandford& Payne1982;Pudritz& Norman1983;Sakurail985;Camenzindl987;
Lovelace Berk & Contopoulosl991).However, thejet formationprocesstself is still
theoreticallynot fully understood.

Magneticjetsareclaimedto originatevery closeto the centralobjectin theinteraction
region with the accretiondisk. If the centralobjectis a black hole, like in AGN and
in somemicroquasarsthe surroundingaccretiondisk is the only possiblelocation
for a field generation. The magneticfield is believed to be generatecand enhanced
by dynamoaction within the accretiondisk (Camenzind1990; Rudiger Elstner&
Stepinskil995).A stellarcentralobject(protostaywhite dwarf, neutronstar)probably
carriesa magnetospherbuilt up by a strongstellardynamoandis surroundedy an
accretiondisk, thereforeit is not yet clearwhetherthe jet magnetosphereriginatesin
thediskorin thestar

A completetheoreticaldescriptionof the jet formationprocesgequiresa solutionof
the time-dependenviHD equationsn threedimensions.The generalsolutionof the
problemis notyet possibleeitheranalyticallyandnumerically thereforethe only way
to approachhe problemis the useof simplifying assumptions.

The structureand dynamicsof the collimation region of a magnetizedet canbe in-

17
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vestigatedunderthe assumption®f stationarityand axisymmetry In this case,the
problemcanbedecoupledthe magnetidield structurefollows from theforce-balance
perpendiculato the magneticfield, which is describedoy the Grad-Shafrano equa-
tion (2.18), the plasmadynamicsalongthe field lines is given by the wind-equation
(4.1).In theverygeneraktasethesetwo equationsrenotindependentin fact,thedy-
namicalparametersf the plasmaareneededn the Grad-Shafrano equationandthe
magneticstructureis neededn the wind-equation.Anyway, dealingwith both equa-
tions simultaneouslys alwaysso complicatedthat, sofar, no self-consistensolution
of the problemhasbeenfound.

The magneticflux distribution is determinedby the solution of the Grad-Shafrano
equation(2.18)for the cross-fieldforce-balanceAppl & Camenzind1993a,b)nves-
tigatedthe asymptoticGrad-Shaframo equationin the caseof constanffield rotation.
For the first time they found a nonlinearanalyticalsolutionfor a cylindrically colli-
matedasymptoticfield distribution and derived relationsbetweenjet radius, current
strengthfield andcurrentdistribution. Theseresultswereusedasboundarycondition
for the calculationof global two-dimensionaforce-freejet magnetosphered-endt,
Camenzind Appl 1995;Fendt1997a).However, sincethejet motionis connectedo
anaccretiondisk thatrotatedifferentially, the jet magnetospheré, anchorednto the
disk, essentiallyobeys differential rotation, thatshouldthereforebetakeninto account
in the calculationof thejet magneticstructure Ferreira(1997)shavedthatdifferential
rotationplaysamajorrolein recollimationof jetsandtheirasymptotidbehaiour. The
resultsof Appl & Camenzind1993a,b)wherefurther generalizedy Fendt(1997b)
for the asymptotictrans-fieldforce-balancencluding differential rotation Suchan
asymptoticfield distribution is of particularinterestfor jets emeging from differen-
tially rotatingaccretiondisks.

In thefollowing two chaptersve describehow we determingheglobaltwo-dimensional
field structureof stationary axisymmetric,relativistic, strongly magnetizedforce-
free) jets collimating into an asymptoticallycylindrical jet (taken as boundarycon-
dition) anchoredn a differentially rotating accretiondisk. This approachallows for a
direct connectionbetweenthe accretiondisk andthe asymptoticcollimatedjet. The
essentiaproblemfor differentially rotatingrelatiistic jet magnetospherds that po-
sition and shapeof the singularlight surfaceare not known a priori, but have to be
calculatedn aniterative way togethemith the magnetidlux distribution (see§2.4.1).

Thephysicaldimension®f the collimationregion we investigatearetiny. Imaginethe
sizeof thearcminscalein Fig. 2.1 (Dobereineetal. 1996)dividedby afactorof 10° in
thecaseof acloseAGN asM87 (seealso§ 3.7)andby afactorof 10° in caseof aquasar
like3C 273. In thelattercasearesolutionof aboutl0~¢ arcseds necessaryo obsere
the collimationregion, andevenradiotelescopesvould not provide it. Therefore for
mostof the extragalactiget sourcegheoreticalmodelsarethe only possibilityto get
informationaboutthe physicalprocesses theinnermosiet region.



The two-dimensionalfield structure 19

2.2 Assumptions

Herewe discusghe modelassumptionehindour numericalcalculation:

e ldeal MHD

Ideal MHD is characterizedy an infinite electricalconductvity (o — o0),

whichimpliesthatthe magnetidield linesarefrozeninto the plasma(see§ 2.3).

As aconsequencef ideal MHD, Ferraros law of iso-rotationis satisfied(Fer

raro1937). Theuseof idealMHD is justified by jetsbeingfully ionizedplasma
objects.

e Stationarity

For thequestiorof jet collimation,we canassumehatthecollimationtime scale
is muchshorterthanthekinetic life time of thejet itself. This meansve canas-
sumestationarityin the very innermostet region, thatimplies9/0t = 0. Both
assumption®f stationarityandaxisymmetryarelimited by the obsenationsof
jet-knotsshaving asymmetriesindtime-variability, but, concerninghedescrip-
tion of jetsgenerationstationarityandaxisymmetryarefor sureno limitation.

e Axisymmetry

Obsenationsshaw that extragalacticjets (seeFig. 2.1) aswell as Galacticsu-
perluminaljets andprotostellaijets arecollimatedalmostto a cylindrical shape
(Zensus,Cohen& Unwin 1995; Ray et al. 1996; Mirabel & Rodiguez1995).
Theoreticallyit hasbeenshavn thatcurrentcarryingrelatwistic jets mustcolli-
mateto acylinder (Chiueh,Li & Begelmanl1991).

In our theoreticalmodelwe assumehat jets are axisymmetricobjectsand we
usecylindrical coordinategR, ¢, Z), which properlydescribethe obsened ge-
ometry Axisymmetrymeansd/d¢ = 0.

e Force-freeness

We assumethat the inertial and gravitational forcesacting on the plasmaare
small comparedo the electromagnetiorces(see§2.4.2). It is reasonablédor
relatvistic jets, that reveal the presenceof strongmagneticfields. This is the
force-freelimit andthe equationof motion, consideringhe relatvistic Lorentz
force,reducego:

0=cp.E+jxB, (2.1)

wherekE is the electricfield, B the magneticfield, j the currentdensityand p.
thechagedensity

Startingpointsfor our calculationsarethe basicassumption®f ideal MHD, station-
arity and axisymmetry As known, in physicalcontexts, every symmetryleadsto a
conseredquantity Outof stationarityfollowsthe conserationof enegy, theaxisym-
metry leadsto the conseration of angularmomentum.A non-axisymmetrigroblem
would imply thattime-dependenchasto betakeninto account.
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*

1 arcmin
i

Figure2.1: ROSAT HRI imageof Centauru®A (sumof HRI obsenationsin 1990and
1994). Thefield sizeis 12.8 x 12.8;northis up, andeastis to theleft. Thenucleuss
markedwith anarrav (Dobereineretal. 1996).

2.3 Basicsof MHD

The theory of magnetohydrodynamicdescribeghe subjectmain concern: the dy-
namicsof electricallyconductingfluids in the presencef magneticfields. Underthe
assumptiorof stationaritymentionedabove (see§2.2), Maxwell’'s equationsin thecgs
unitssystemhave thefollowing form:

VXE = 0 (2.2)
VxB = %J (2.3)
V-E = dnp. (2.4)
vV:-B = 0. (2.5)

. u . . .. ~
Ohm'slaw isj = ¢ | E4+ — x B |, whereo is the electricconductvity andu the
C

Newtonianvelocity of theplasma.ln idealMHD Ohm’s law transformsnto:

E=-2xB. (2.6)

C
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From the stationaryFaradays law (2.2) it follows that the electric field mustbe a
gradientof a potentialE = VU. As aconsequencef axisymmetry(0/0¢ = 0) it is

E, = 0, thereforeEp = _UsB (notethattheindex » marksthe poloidalcomponent
C
andtheindex 4 thetoroidalone). This bringsto:

ﬁp X BP =0 — ﬁp || Bp, (27)

thatmeangheplasmamovesalongthefield line, but not parallelto thefield line.

2.4 The Grad-Shafranov equation

Under the assumptiongliscussedabove (§ 2.2), a magneticflux function ¥ canbe
defined,

1
U(R,Z) = 5 /Bp .dA,  RBp=VU xe,. (2.8)
m
Therefore,Bg = %azq; and By = —%OR\II. The ¥ function measureshe magnetic

flux througha circular areaaroundthe symmetryaxis with radius R. The condition
By - VU = ( isfulfilled, thereforethe ¥ functiondefineshepoloidalfield lines. Each
field line will connectpointswith the sameV¥ value. Similarly to Eq. (2.8), the total
poloidalelectriccurrent/ throughthe sameareais defined:

I(R,Z) = /jp “dA = —g RBy(R, Z), (2.9)

wherejp = ;5 V(RB,) x e, is the poloidalelectriccurrentdensity derivedfrom the

poloidalcomponenbf Ampereslaw (2.3),and B, is thetoroidalmagnetidield.

FromEgs.(2.7)and(2.8)it followsthat:

uxB = ﬁ¢XBP+ﬁPXB¢
= (i VO)V¥ — L(By - V9)V¥

L. n

wheren = n(¥) is the particleflow rateperfield line andn is the particledensityin
thelabframe.

From Eq. (2.10) we learnthat the expressionbeforethe VW is a consered quantity
We definethis asQr(¥) (EQ.2.11). We call 2r = Qp(¥) theiso-rotation parameter
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whichis a conseredquantityalongeachfield line andthe correspondindlux surface
(Ferraros law of iso-rotation, Ferraro1937) and can be understoodas the angular
velocity of the foot pointsof thefield linesanchorednto the disk:

O (T) = % <a¢ - gB¢> . (2.11)

In particular the Newtonianvelocity is:

i= %B + Qr Rey, (2.12)

where
n = yn' and u=ni/c

n' is the properparticledensity(in therestframeof the plasma).Therefore Eq. 2.12
canbeimmediatelyextendedto the spacecomponent®f the relativistic 4-velocity as
follows:

up = %Bp (2.13)
n v
Uy, = @B¢+EQFR%' (214)

Equations(2.13) and (2.14) showv that the plasmais always moving along the field
lines,asalreadyfoundin theideal MHD section(see§2.3,Eq.(2.7)).

Relatvistic magnetohydrodynamidgsipliesthatelectricfields,which arenegligible in
NewtonianMHD, cannotbe neglectedanymore. FromEQs.(2.6), (2.10)and(2.11)it
followsthat:

E=—10.VU. (2.15)
C

In the high conductvity limit, plasmais forcedto flow alongthe magneticflux sur
facesandthesesurfacesarealsoelectricpotentialsurfaces,.e. the electricfield E is
orthogonato the magneticsurface(Camenzindl990).

FromEgs.(2.4),(2.8),(2.11),thechagedensityp. is:

1
= —V-E
Pe 4

1
= —— V- (VD)

dre
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1
ROp . 1 Qp 1
= 2 Jo (VU X Rey) - (V x Rey) — VT - Vi
RQp 1

~ e = g (V- V) (R2), (2.16)

Jo is thetoroidalelectriccurrentdensity

Thestructureof themagnetidield canbederivedby thetoroidalcomponenbf Ampere’s
law,

4
V x Bp = —j,. (2.17)
C

From Eqg. (2.8) we expressBp in termsof ¥, then,from Eq. (2.17), we obtainthe
Grad-Shafranoequationthatis Amperes law rewrittenfor the ¥ function:

1 4 |
RV {ﬁv\y} =Ty, (2.18)
Thetoroidalelectriccurrentdensity;,, hasto becalculatedrom theequatiorof motion
projectedperpendiculato the flux surfaceg(a derivationis givenin Camenzindl987;
Fendt,Camenzind Appl 1995),notethatit is alwaysQy = Qp (),

, c 1 41 Op 1 )
o = i = (R (;EI(\I!)&I,I(\II) - S (V- V)(R QF)) . (2.19)
CombiningAmpereslaw, Eq.(2.17),andtheforce-freeequationof motion,Eq.(2.1),
usingalsoEgs.(2.16)and (2.19), the cross-fieldforce-balanceanbe written asthe
modifiedrelativistic Grad-Shafrane (hereafterGS) equation. Here, the term (1 —
(RQr(Y)/c)?) hasbeenabsorbedn the divergenceterm on the left handside of the
Grad-Shafranoequation(2.18),

Wheretheprimesdenotdhederivatived% (seeCamenzind.987;0kamotol992;Fendt
& Memola2001a). In the force-freeMHD case,the poloidal current/(R, Z) (see
Eg.(2.9))is aconseredquantityalongthefield line, thatmeand = I(V(R, Z)). The
light cylinder of a flux surface¥ is definedasa cylinder with radiusk = Ry (V) =

c/Qp(¥) (seealso§2.4.1). At acertainradius Ry, (), for eachflux surfaceit is 1 —

(RQr(¥)/c)? = 0, thatmeansvery flux surface(magnetidield line) hasits own light
cylinder, whoseradiuswe denoteas R;,. Projectingthe flux surfaceson a meridional
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plane,the light points, wherethe field lines intersecttheir light cylinder, definethe
light cylinder radii. The light pointshave coordinateq Ry, (¥), Z1,(¥)) andlay on a
surfacecalledlight surface,which shows therelativistic characteof the GS equation
(2.20). In particular Ry is the radiusof the asymptoticbranchof the light surface,
the asymptotidight cylinder radius,thereforeit is also RyQr (V) /c = 1 (see§ 2.4.1).
The term asymptoticdenotesthe limit of Z >> R. We considerjets with a finite
radius,R < oo for Z — oco. Beyondthelight surface,thatis the Alfv énsurfacein the
force-freelimit, the Alfv énvelocity is not defined thatmeansAlfv én’s wavescannot
propagate.

Both, the currentdistribution () andthe rotationlaw Qr (V) determinethe source
term (right handside) of the GS equationand govern the structureof the magneto-
sphere We applythefollowing normalizations,

R, 7 & xRy, zR,g,
Qr & Qr(c/Ry),
UV & U ..,
I & Il,..

As thelengthscalefor the GS equation Eq. (2.20),the asymptoticradiusof the light
surface, Ry, is selected.In orderto allow for a direct comparisorto rigidly rotating
magnetospherethe normalizationwaschosensuchthatQr = 1 atz = 1. With the
chosemormalization Eq. (2.20)canbe written dimensionless,

2 T2

zV - (MVQ) - _ lg <]2(\I/))I B 33|V\11‘2% (Q%(\P))I (2.21)

The couplingconstanty describeshe strengthof the currenttermin the GSequation,

AR RE A Inax ¥/ Ro Y/ Upmax Y2
I= 22 = (1018A) (10160m> <1033Gcm2> ’
whereherethe parametersirechoserfor extragalactigets (Camenzindl987;Bland-
ford, Netzer& Woltjer 1990). We obtainthe numericalsolutionof the GS equation
usingtheFinite ElementCode(seealsoAppendixandChapte), asdevelopedby Ca-
menzind(1987);Fendt,Camenzind& Appl (1995);Fendt& Memola(2001a);Mem-
ola& Fendt(2001).

2.4.1 Regularity condition alongthe light surface

Thelight cylinderandmoregenerallythelight surfaceappearsacharacteristiguan-
tity of therelativistic MHD comparedo the Newtoniandescription.For constantQg
thelight surfaceis of cylindrical shape.

If the light cylinder radiusis smallerthanthe jet radius, a relatiistic treatmentis
required(Camenzindl987).
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Along thelight surfacetheterm1 — z2Q%(¥) vanishegD = 1 — z2Q%4(¥) = 0). As
aconsequencehe GSequationreduceso theregularity condition:

V. VD = —g% (1(w)?) -~ %\V\W (n (26(2)?)), (2.22)

thatis equivalentto a Neumanrboundaryconditionalongthelight surface.However,
for differentially rotatingmagnetospheresith Qr = Qr (V) the shapeof this surface
is not known a priori and hasto be calculatedin an iterative way togetherwith the
two-dimensionakolutionof the GSequation.

The searchfor the exact positionof the light surfaceandfor regular solutionsacross
that light surfacewas one of the main goalsof the thesis. At the light surfacethe
Grad-Shafrano equation(2.18) becomessingular(notethatwe solve the dimension-
lessforce-freemodifiedGS equation(2.21) with the Finite ElementCode,wherethat
singularityhasbeenremoved).

We alreadydefinedthe light cylinder of a flux surface ¥ asa cylinder with radius
R = Ry, (V) = ¢/Qr(¥). Thelight cylinderis importantfor a projectedpoloidalfield
line only if thefield line actuallyintersectst asfor ¥, in Fig. 2.2. Then,relativistic
effectsbecomalominant.For example thepoloidalelectricfield scaleswith theradius
in unitsof thelight cylinderradius,E, = (R/R;,) Bp. Ontheotherhand,in thecaseof
v, in Fig. 2.2,theasymptotiaadiusof theflux surfaceis smallerthanits light cylinder
radiusRy,(¥;,) (locatedbetweeny;, andW,). For jet solutionswith rigid rotationQp
all flux surfaceshave the samdight cylinderradius.Thus,the singularlight surfaceof
themagnetosphens acylinder. For jet solutionswith differential rotationQ the flux
surfaceshave differentlight cylinder radii. Thesingularsurfaceof the magnetosphere
is notacylinder arymore.

A relativistic descriptiorfor thejet magnetospheris alwaysrequiredf thejet contains
aflux surfacefor which thelight radiusis smallerthanthe asymptoticradius.

Thenumericaldeterminatiorof thetruelight surfacewasaquitedifficult task(seealso
§3.2).

2.4.2 Discussionof the force-freeassumption

Theforce-freeassumptiorsimplifyesconsiderablyheproblemof solvingthe modified
GSequation(2.21).

It is clearthatrelatwvistic jets mustbe highly magnetized.Only a high plasmamag-
netization(a large magneticflux comparedo the massflow rate) givesjet velocities
closeto the speedof light (Michel 1969; Begelman& Li 1994;Fendt& Camenzind
1996). Corversely if particlesarebeingacceleratedo relatvistic enegies, pressure
and gravitational effects shouldbe small. Therefore,for the calculationof the field
structurethe force-freelimit seemgo bereasonable.
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In general,the non force-freerelatvistic GS equationshows threeinertial contribu-
tions: the gaspressurethe centrifugalforce andthe poloidalfield curvature(seeChi-
ueh,Li & Begelman1991). It canbe shown thatin the asymptoticcylindrical jet the
contrikbution of inertial termsin theforce-balancecrosshefield is weak. The contri-
bution of gaspressuras usuallyneggligible in astrophysicajets. Also, the centrifugal
forcedoesnot play a majorrole outsidethe Alfv €nsurface(which is thelight surface
for low plasmadensity)sincetheplasmamoveswith constanangularmomentumThe
cunaturetermvanishesn cylindrical geometry Therefore,sincefor cylindrical jets
andhigh magnetizatiorthe contribution from inertial termsis weak,the configuration
is comparabldo theforce-freecase.

The main motivation of the force-freeassumptions clearly the reasonof simplifi-
cation, however, thereis yet no otherway to calculatea truly two-dimensionafield
distribution for relatvistic jets. With a force-freesolutionnothingcanbe saidabout
theflow accelerationtself, no matter/particlalynamicss involved!

2.5 Boundary conditions

The GS equationis a nonlinear, elliptic, partial differentialequationof secondorder
andit is numericallysolved as boundaryvalue problemapplyingthe Finite Element
Code.

The choiceof astrophysicaboundaryconditions thatwill be discussedn the follow-
ing paragraphsjeterminghetwo-dimensionaflux distribution (Fig. 2.2).

2.5.1 The asymptoticjet

A first boundaryconditionis in the asymptoticregion. Here we assumea cylindri-

cally collimatedjet. We applythemagnetidlux distributiondervedby Fendt(1997b),
wheretherigidly rotatingjet modelof Appl & Camenzind1993b)hasbeenextended
for differential rotation Qr (V). In particular the asymptoticiet shaws the typical jet

core-enelopestructureof magneticflux and electric current,a configurationwhere
mostof the magneticflux and poloidal electriccurrentis concentrateavithin a core
radius,a. The asymptoticsolutionof the GS equationprovidesnot only the asymp-
totic magneticflux boundaryconditionbut alsothe Qr (V) and I(¥) distribution for

thewholetwo-dimensionajet magnetospherdor thereasornthattheseareconsered
quantitiesalongthe field lines. Thesefunctionsfollow from the numericalsolution
U (x) of theone-dimensionglasymptotic)GS equationacrosghecylindrical jet. This

solutioncorrespondso a coreradiusof the electriccurrentdistribution of unity.

() = hh
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LEQ

(1+4?)
steepnessf the Qp-profile.

notethat I(z) = ) = I(z(¥)) = I(¥).! The parameterh governsthe

2.5.2 Thedisk

A secondboundaryconditionis the magneticflux distribution alongthe disk. This
distribution is in generalnot known as a solution of the full MHD disk equations.
Typical modelsrely on varioussimplifying assumptionsas stationarity distribution
of magneticresistvity or disk turbulencegoverninga dynamoprocess.We apply an
analyticalmagnetidlux distributionwhosetypical behaiour is: 1) aslightincreaseof
magneticflux alongthe innermostdisk, 2) a smallor vanishingflux at theinnerdisk
radius, 3) a strongincreaseof magneticflux at intermediateradius(the coreradius)
and4) a saturatingbehaior for large radii. A similar flux distribution wasusedby
Khanna& Camenzind1992),who calculatedthe stationaryaccretiondisk magnetic
field structurearounda supemassve blackhole.

Using the normalizationintroducedabove, we choosethe following disk boundary
magnetidlux distribution,

Ui () = %m (1 + (5>2> (2.23)

a

with b = In(1 + (74 /a)?) (seeFig. 2.3), wherez g is the disk outerradiusand
a = *4sx the coreradiusof the ¥ distribution, thatmeansmostof the magnetidlux is
concentratedvithin a.

2.5.3 The collimating jet boundary

A third boundaryconditionis the collimatingjet boundaryz;e(z). Along this bound-
ary the flux distributionis ¥ = 1 by definition. However, the shapeof this boundary
is not known a priori. It mustbe determinedoy the regularity of the solutionacross
thelight surface(seealsoFendt,Camenzind& Appl 1995). A regularglobalsolution
canbe obtainedonly for a certainchoiceof z(z), I(¥) andQr(¥). Themainfeatures
of thesolutionasopeningangleor locationof the collimationarefixed by theinternal
equilibrium. Thereforetheregularity conditiongovernsthe shapeof thejet boundary
For a given I(¥), Qr(¥), disk and jet boundarycondition, the jet radius zje(z) is

uniquelydetermined.

For figuresof thesefunctionsandthe related¥ (), Qr(¥) and I () distribution, pleaserefer to
Fendt(1997b).
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2.5.4 Inner boundary conditions

Along the jet-axisthe magneticflux is zeo by definition (¥(z,z) = 0). Including
the jet-axisin our calculationds animportantdifferencerespecto a self-similarap-
proach.Self-similarity assumes setof one-dimensiondunctionsfollowing a power
or exponentiallaw andimplies a singularityalongthe jet-axis. Our truly 2D solution
is not self-similar

The inner sphericalgrid boundarywith radius z, closeto the origin indicatesthe

regime of the centralsource. The boundaryconditionis an homogeneousleumann
condition,thatmeanghefield lines crossthe boundaryperpendicularFor simplicity

we assumehat the magneticflux increasesnonotonouslyfrom the axis to the disk

edge.

2.6 The jet-disk connection

An importantpoint wasto relatethe jet parameterso the disk properties.Sofar (see
below), no connectiorhasbeenmadeto the type of centralobject. In this sectionwe
askwherethe asymptotidight cylinderis locatedin physicalunits.

For relatwistic jets the centralsourceis a black hole. The Schwarzschildradiusis
definedas Ry = 2G Mgy /c%. In caseof rigid rotation, thatimplies the light surface
beingacylinder (R, = Ry), thelight cylinder radiusis usuallyestimatedy choosing
adistinctradialdistancefrom the centralobjectanddefiningQ2r undertheassumption
thatthe jet magnetospheris anchoredn that point. For a black hole centralobject,
the mamginally stableorbit implies anupperlimit for Qr. For AGN jetsthis estimate
leadsto the commonconclusionthat the light cylinder radiusis at about> 10Rg
andthe typical jet radiusat about100 Ry,. Clearly, suchan argumentatiorrelieson
the assumptiorthat the field line emeging at this very specialradius,which, at the
sametime, alsodefinesheiso-rotationparametef)r, doesactuallyextendto thelight
cylinderradiusRy..

If differentialrotationQr (V) is consideredtheasymptotidight cylinderradius,Ry, is
relatedto theiso-rotationparametef2r (¥), whichitself is connectedo theangulamo-
tationof thefoot pointsof thefield lines (seealso§ 2.4). Concerninghe GSequation,
thesizeof R, follows purelyfrom electro-magnetiquantitiesjf thecouplingconstant
g is chosen.The GSsolutioncanbe scaledto ary centralobjectfrom starsto galactic
nuclei aslong asthe interrelationof the parametersl .., Im.x and Ry providesthe
samey. Differentflux surfacesanchorat differentfoot point radii and,thus,have dif-
ferentlight radii (seeFig. 2.2). Assuminga Keplerianrotation,thelight surfaceradius
Ry (V), for eachsingleflux surface,is locatedat:

Bo(W)V?( M
U) =4 x 10 2.24
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whereRs is the Schwarzschildradiusof a point massand Ry, (¥) thefoot point of the
flux surface¥ on aKepleriandisk. A moregeneralequations

3/2
RI}S) =2 (R];z(f)> . (2.25)

Rp () is determinedrom themagnetidlux distribution alongthe disk andis defined
by a certaindisk model. Fig. 2.4 shavs the locationof the light radius Ry, for afield
line anchoredat a foot pointradiusRp in a Kepleriandisk arounda centralobjectof
massM (seeEq. (2.24)). Note thatthe field line footpoint radiusin Eq. (2.25) and
Fig. 2.4is normalizedto the Schwarzschildradius. Therefore Fig. 2.4 is appropriate
only for relativistic jets. Thefootpointradii for protostellajetsareseveralstellar radii,
correspondingo about10® Schwarzschildradii (which would belocatedfar above the
boxin Fig. 2.4).
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Figure2.2: Sketchof our jet model. Shovn are axisymmetricjet magneticflux sur

facesV¥ projectedonthe meridionalplane.Thecentralobject,locatedwithin theinner
boundary(solid disk), is surroundedy anaccretiondisk. Helical magnetidield lines
are anchoredn the differentially rotating disk at foot points R(¥). The disk ra-
diusis a parameter The shapeof thejet boundary¥ = ¥ .. = 1 is constrainedy
the regularity condition alongthe light surface. The upperboundaryconditionis a
cylindrically collimatedjet solution(Fendt1997b).Thearrow indicatesthe numerical
deformationof theinitially verticalboundaryof theinnersolution(atz = 1) into the
curved light surface. Theflux surfacesV;, (¥,,) have anasymptoticradiussmaller
(larger) thanthe asymptoticlight cylinder Ry, which is the asymptoticbranchof the
light surface Ry, (V) for large z-values. The flux surface¥, coincideswith the light

surfaceasymptotically Theinitial jet half openingangleis «.
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Figure 2.3: Magnetic flux distribution along the disk Ug(2) as defined in
Eg. (2.23). Parameters(from top to bottom, for differenta values): zgs/a =
100,40, 15,7,4,2,1,0.01. In our calculationz sk /a = 2.
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Figure2.4: Locationof thelight cylinderradiusof aflux surface,Ry,(¥), anchoredita
certainfoot pointradiusRp (%) in unitsof the SchwarzschildradiusRgs in aKeplerian

disk arounda pointmassiM (see§ 2.6). Notethatfor non collapsedstellarobjectsthe
footpointradii of thejet field linesarelocatedat about10°® Rg.
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Chapter 3

Numerical results

3.1 The collimation region

Thenumericakesultsconcerninghesolutionof theGSequation2.21),presente@nd
discussedn thefollowing chapter have beenobtainedby runningthe Finite Element
Codeasdevelopedby Camenzind1987);Fendt,Camenzind Appl (1995);Fendt&
Memola(2001a);Memola& Fendt(2001).

In generalfor a choiceof the free functions/(¥) andQg(¥), heretaken from the
asymptoticcylindrical jet solution,the field structureis determinedoy the boundary
conditionsandthe regularity conditionalongthe light surface. It is shavn the two-

dimensionaktructureof the magnetidlux surfaces¥ (z, z) asprojectionof the helical

field lines into the meridionalplane. We dealwith two computationakegions: the
inner solutionis numericallycalculatedfrom the jet-axistill the light surface(outer
boundaryfor theinnersolution);the outersolutionstartsfrom thelight surface(inner
boundaryfor the outersolution)andreacheshejet boundary Innerandoutersolutions
arethenattachedn orderto obtainthe globaltwo-dimensionakolutionfrom the jet-

axistill thejet boundary Thelight surfacedecouplesnnerandoutersolutions. This

impliesthatit is notalwayspossibleto fit eachinnersolutionwith anoutersolutionin

orderto provide a smoothtransitionof thefield linesacrosghelight surface.

We hadtwo differentapproaches$o the outersolution calculation. First we usedthe
regularity conditionfor theinnerboundaryof the outersolution,but we gotthe result
thatinnerandoutersolutiondid not coincidealongthelight surface. Then,we useda
Dirichlet boundaryconditionfor theinnerboundaryof the outersolution,this brought
initially to non-regularglobal solutions(see§3.3). Suchsolutionsaremathematically
correctfor theinnerandouterpart,however, they arephysicallynot correct,sincethey
do not satisfythe regularity conditionalongthe light surface. We have run different
parameterset,with differentrotationlaws, till wefoundtheproperDirichlet boundary

33
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condition (obviously dependingfrom the inner solution) that provided a consistent
regular global solution (see§3.4), being characterizedy a smoothtransitionof the
field linesacrosghelight surface. Suchsolutionis uniquefor a certainchoiceof the
rotationlaw Qp (V).

Although in our computationghe jet boundaryz;.(z) is determinedby the force-
balancewithin thejet, andthereforesubjecto theregularity condition,with ourresults
we do not prove the magnetohydrodynamiself-collimationprocessof the jet flow.
The calculatedet magnetospheris self-collimatedin the sensehatits structurehas
beendeterminecnly by theinternalproperties.To our understandingnemay claim
a self-collimationonly, if the jet flow collimatesindependentlyrom externalforces.
We do nottreatinternalforcesthatwould provide the degreeof collimationandin our
force-freetreatmentwe do not considertheinterrelationwith the mediumoutsidethe
jet, thereforewe cannotdecidewhetherthe flow is self-collimatedor pressurecolli-
mated. However, the actualcollimation processof the jet flow from an uncollimated
conicaloutflow into a cylinder could only be investigatedy time-dependensimula-
tionstaking into accountthe interactionwith the ambientmedium. Ouyed& Pudritz
(1997) presentedime-dependensimulationsof the evolution of non-relatvistic out-
flows from Keplerianaccretiondisks. Their resultsindeedprove the self-collimating
propertyof axisymmetricMHD flows. They foundthatthe gascollimatesinto cylin-
dersparallelto the disk axis. The collimation of the outflow is dueto the pinchforce
exertedby the dominanttoroidal magneticfield generatedy the outflow itself. The
acceleratiorof the flow from the disk occursby a centrifugaleffect whereby at some
points along sufficiently inclined field lines, the centrifugalforce dominatesgravity
andgasis flung away like beadson a wire. Therefore,a toroidal field componenis
createdbecausehefield linesfoot pointscorotatewith thedisk. For a certain,already
collimating, initial current-free(J = 0) magneticfield distribution, a stationarystate
of thejet flow wasobtainedafter about400 Keplerianperiodsof the innerdisk, with
anincreasediegreeof collimation. They assume@xisymmetrya polytropicequation
of stateandideal MHD.

It is well known thatfield linesmustbe closed.We lik e to underlinethatthejet model
presentechereimplies field lines closing via jet bow-shocks,wherethe jet internal
pressureequalsthe externalinterstellar/integalacticmediumpressureoften shaving
radiolobes. Thejet magneticstructureitself andthe interstellar/integalacticmedium
actaswires,the centralsource-disksystenlik e abatteryandradiolobes,which might
alsopresentotspots ik e aresistance.

3.2 Determination of the light surface

Thenumericaldeterminatiorof the exactlocationof thelight surfacewastheessential
problem. Several monthsof computationsvere neededn orderto solve it. Without
knowing the exactlocationof the light surfaceno global solutioncanbe obtained.In
the following we discussour approachin orderto find the correctsolutionto sucha
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problem.

We useaniterationprocedurego determinethe locationof thelight surface.Sincethe
rotationlaw Qg (V) is prescribedthe (normalized)radius,z;, (seealso§ 2.4 for the
normalizations)wherethelight surface,D = 0, intersectghejet boundaryV¥ = 1, is
known,

However, the correspondingpositionin z-directionis not known.

The iterationprocedurestartswith the calculationof theinner solutionwith an outer
grid boundaryatz = 1 (for comparisonseeFig. 2.2). This choiceis equivalentto the
light cylinder in the caseof rigid rotation. For differential rotationtheradiusxz = 1 is

definedasasymptotidight cylinder (for large z-values).For low z-valuestheboundary
x = lislocatedinsidethelight surfacez;, (V) = 1/Qr(¥). Along thisouterboundary
(of theinnersolution),we applyanhomogeneoublleumanrboundarycondition. Usu-
ally, thisimpliesthatthefield lineswill crossthatboundaryperpendicularHowever,

in our case|f the boundarymovescloserto thelight surface,the homogeneousleu-
mannboundaryconditiontransformsinto the regularity condition(see§ 2.4.1). The
codetakesimplicitly into accountthe regularity condition. Therearetwo reasons)

theFinite ElementCodesolvesthemodifiedGS equationand2) the boundaryintegral,

which s proportionalto D = 1 — z2Q%, vanishesalongthelight surface. As a major
resultof this thesis,we have shovn that the procedureof Fendt,Camenzind Appl

(1995)canbe successfullyextendedfor differential rotation 2 (¥) (Fendt& Memola
2001a).

With the GS solutionof thefirst iterationstepwe estimatethe deviation of the chosen
outerboundaryfrom thetrue light surfaceby calculatingD = 1 — z2Q2 (). For the
lowestz-valueprescribedwe know that D, = 1 — z2Q4(¥ = 1). Then,the outer
grid boundary(z, z) is slowly movedto a larger radiuswith Az ~ D(z,2)?. The
power of D(z, z) is our choice.As a consequencef the differentnumericalgrid, the
field distributionwill change Thevalueof D will, however, decreaseThis procedure
is repeateduntil D is belov a certainlimit, e.g. D < 10~'%. Having obtainedthe
solutioninsidethelight surface this surfaceis theouterboundaryfor theinnersolution
andis takenasinnerboundaryfor the outersolution.

3.3 Examplesof a non-regular magnetic flux distrib u-
tion

In this sectionwe presentwo examplesof field distributionsthat shav kinks across
thelight surface(Figs.3.2and3.3). Thecalculationwasperformedor two choicesof

the steepnesparametef of theiso-rotation(2r andfor g = 1 (strengthof the current
termin the GSequation(2.21)):1) h = 0.2, g = 1 and2) h = 0.5, ¢ = 1. Theouter
andinnersolutionillustratedin Fig. 3.1for theh = 0.2 casepothsatisfytheboundary
conditions(the numericalFinite ElementCodeis corverging). However, attaching
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themin orderto obtaina global (inner+outer)solution,suchafield distribution showvs
kinks acrossthe light surface(Fig. 3.2). In the sameway, for the solution obtained
with A = 0.5, asvisible in Fig. 3.3. Therefore suchinnerandoutersolutionsdo not
satisfythe boundaryconditionsfor the otherpart,thatmeanse.g.the outersolutionas
obtaineddoesnot satisfythe disk boundaryof the inner solution. No outer solution
wasfoundfor thoseinner solutionsthat could provide a regulartransitionof thefield
lines acrosgthe light surface. We learnthat, if the strengthof the currenttermin the
GSequation(2.21)is only unity (¢ = 1), theregularity conditioncannot be satisfied.

We seethat,for bothsolutions(h = 0.2 andh = 0.5) theasymptotiaegimeof acylin-

drically collimatedjet is not evenreachedor Z/ R, = 5, sincethefield linesdo not
crossthe upperboundaryperpendicular The parametersnvolvedin the calculation
arelisted in Table3.1. The outerdisk (normalized)radiusis x4 = 0.2, the maxi-
mum light surface(normalized)radiusis z,.x andits heightis z(zm.x) = 0.9 in both
cases.In particular if A = 0.2 (solutionNR1), z,., = 1.29 andthe asymptoticjet
(normalizedyadiusis ;e = 3.53; if A = 0.5 (solutionNR2) we calculatez,,,x = 1.68

andz;; = 3.08. In the examplespresentedhe electriccurrentis definitely too low,
thereforethe collimationis too weak. A largervalueof the maximumz might helpif

the codewould notbeinfluencedby thatin its delicatecorvergeng process.

NRS | h g Tdisk | Tmax Z(Z‘max) Ljet

NR1 |0.2[1.0| 0.2 | 1.29 0.9 3.53

NR2 |0.5(1.0| 0.2 | 1.68 0.9 |[3.08

Table 3.1: Parametersusedfor the calculationof the non-reyular global solutions
(NRS): NR1 (seeFig. 3.2) andNR2 (seeFig. 3.3). Note that & is the steepnespa-
rameterof theiso-rotationQ)r; ¢ is the couplingconstantthatdescribeshe strengthof

the currenttermin the GS equation(2.21); z4;sx is the outerdisk (normalizedyadius;
ZTmax IS themaximumlight surface(normalizedyadius;z(zmax) is the heightof z,,y;

Tjer 1S theasymptotiget (normalizedyadius.

3.4 Global regular solutionsin two dimensions

Now we presentglobal regular solutions. We performedcalculationsfor different
openinganglesdifferentstrengthof the poloidalelectriccurrentg, anddifferentsteep-
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Figure3.1: Two-dimensionamagnetidlux distribution ¥ (z, z): for h = 0.2, g = 1.0.
Left: innersolution. Right: outersolution. Attachingtheseinnerandoutersolutions
alongthelight surfacewe obtainFig. 3.2. Theiso-contourof ¥(z, z), equivalentto
poloidalfield lines,have contourlevels ¥,, = 10~0-1™* » = 0, .., 25. Notethatdueto
thechoiceof contourlevelstheiso-contourdensitydoesnot mirror thefield strength.

nessparameters, in orderto find the uniguetwo-dimensionatolutionthat,for a cer

tainrotationlaw, providesa smoothtransitionof thefield linesacrosghelight surface.
We found global regular solutionsfor two valuesof the steepnesparameteandcur-

rentstrength,h = 0.2, ¢ = 2.5 (seeFig. 3.4 andFig. 3.5),andh = 0.5, g = 2.0

(seeFig. 3.7 andFig. 3.8). The maindifferenceto the previous non-regular solutions
is thatwe increasehe strengthof the electriccurrent,thatis equivalentto thetoroidal
magneticfield (seeEqgs.2.9 and2.21). An increaseof the electric currentbasically
increaseshe degreeof collimationof thejet.

The asymptoticregime is reachedalreadyfor Z/Ry, = 3. This is the region where
the field lines are alreadycollimatedto a cylinder. The parametersnvolved in the
calculationarelistedin Table3.2. Theouterdisk (normalizedyadiusis x4 = 0.2, as
for the non-rggular solutions(NR1 andNR2). For the R1 solutionwe have h = 0.2,
g = 2.5, Tmax = 1.12, 2(Zmax) = 0.4, andz, = 2.14. For the R2 solutionthe
parametersreh = 0.5, g = 2.0, Zmay = 1.36, 2(Tmax) = 0.55, andz;e; = 2.23.

Againwe remarkthatthe key parametefor theregularsolutionsis the strengthof the
currentterm, g. Thesteepeprofilefor therotationlaw impliesasmallerasymptotiget
radius(Fendt1997b),however a larger poloidal electriccurrentcanbalancethe effect
of differential rotation Thereforetheh = 0.2 solution(with ¢ = 2.5) collimatesto
a smallerasymptoticjet radiusthanthe » = 0.5 solution(with ¢ = 2.0), ascanbe
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Figure 3.2: Two-dimensionamagneticflux distribution ¥(x, z): non-regular global

jet solutionfor A = 0.2, g = 1.0 (seeTable3.1, solutionNR1). The iso-contours
of ¥(z, z), equivalentto poloidal field lines, have contourlevels ¥,, = 10-(©-17)?

n =0, ..,25. Notethatdueto thechoiceof contourlevelstheiso-contourdensitydoes
not mirror thefield strength.

seenin Fig. 3.5andFig. 3.8. A h = 0.2 solutionwith g = 2.0 would have ajet radius
of 2.4. The secondsolutionwith the steepeprofile of the rotationlaw Qr (¥) would

betterfit to a Kepleriandisk rotation. A perfectmatchwould requirean even steeper
Qr (¥)-profile, unfortunatelyit wasnot possibleto reachcorvergeng for A = 0.9.

Note thatthe meanhalf openingangleof the jet magnetospherds about60°, which
satisfieghe Blandford& Payne(1982)conditionto obtaina centrifugallydriven out-
flow from thedisk (see§1.2).

As alreadydiscussedhe shapeof theoutermosflux surface(¥ = 1) is notprescribed
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Figure 3.3: Two-dimensionamagneticflux distribution ¥(x, z): non-regular global

jet solutionfor A = 0.5, g = 1.0 (seeTable3.1, solutionNR2). The iso-contours
of ¥(z, z), equivalentto poloidal field lines, have contourlevels ¥,, = 10-(©-17)?

n =0, ..,25. Notethatdueto thechoiceof contourlevelstheiso-contourdensitydoes
not mirror thefield strength.

but is a resultof our calculationeventually determinedby the regularity condition.
After crossingthe light surfacethe jets collimateto their asymptoticradiuswithin a
distancefrom the sourceof aboutl — 2 R, alongthe jet-axis. The openingangleof
thesecondsolutionis smaller however, the jet collimationis achievedonly atalarger
distancefrom the centralsource. In our examples,the jet expansionrate, which we
defineasthe ratio of the asymptoticjet radiusto the foot point jet radius (the disk
radiug, is about10. The true scalingof the jet magnetosphera termsof the size
of the centralobjectcanbe determinedby connectingthe jet iso-rotationparameter
Qp (V) to thedisk rotation(see§3.5).
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RS | h g | Tdisk | Tmax Z(xmax) Liet

R1]02(25| 0.2 |1.12| 0.40 |2.14

R2105(2.0| 0.2 |1.36 | 0.55 |2.23

Table3.2: Parametersisedfor the calculationof theregularglobalsolutions(RS): R1
(seeFig. 3.5)andNR2 (seeFigs.3.8and3.9). Notethath is the steepnesparameteof
theiso-rotation(2r; g is thecouplingconstantthatdescribeshestrengthof thecurrent
termin the GSequation(2.21); z4;sx IS the outerdisk (normalizedyadius;z .y is the
maximumlight surface(normalized)radius; z(zmax) iS the heightof ,,.x; ;e is the
asymptotiget (normalizedyadius.

The calculatedet magnetospheres self-collimatedin the sensehatits structurehas
beendeterminecbnly by the internalproperties.We do not prove the magnetohydro-
dynamicself-collimationprocessf thejet flow (see§3.1).

In all calculationsthe regime of the centralsourceis more or lesscircular and its
(normalized)radiusis z, = 0.05, that means5% of the asymptoticlight cylinder
radiusvalue. In Fig. 3.6 we presentan enlagementof the inner region for the case
h = 0.2. We assumehat the centralblack hole is someavhereinside the region of
radius0.05.

Finally we shav thewhole bipolaroutflow two-dimensionatmagneticstructure origi-
natingfrom theaccretiondisk surroundinghe centralobject,by mirroring theaxisym-
metric, two-dimensionalregular, global solutionobtainedfor h = 0.5 (seeFig. 3.8)
respecto thejet-axisandto the equatoriaplaneandrotatingit by 90° (seeFig. 3.9).

3.5 Scalingof the jet-disk system

Having obtaineda globaltwo-dimensionamagneticfield structureof the collimating
region of thejet from the disk to the asymptoticregime, we arenow ableto achieve a
directscalingof the jet magnetospherim termsof the sizeof the centralobject. This
ideais simply basedbntheassumptiorthatthefoot pointsof thefield linesarerotating
with Keplerianspeed2r(z(¥)) = Qk(z) andto the factthatin ideal MHD theiso-
rotationparametef2 (V) is conseredalongthefield lines. It is thereforepossibleto
constructa self-consistentmodel of the whole star-disk-jet systemwith only a small
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Figure3.4: Two-dimensionamagnetidlux distribution ¥(z, z) for h = 0.2, g = 2.5.
Left: Innersolution. Right: Outersolution. Attachingtheseinnerandoutersolutions
alongthelight surfacewe obtainFig. 3.5. Theiso-contoursof ¥(z, z), equivalentto
poloidalfield lines,have contourlevels ¥,, = 10~-01m)* » =0, ... 25. Notethatdueto
thechoiceof contourlevelstheiso-contourdensitydoesnot mirror thefield strength.

setof free parametersin the following we will motivatesuchamodel.

First, we demonstratdnow the connectionbetweenthe asymptoticjet and the disk,
appliedfor our very specialmodel assumptionprovides a specificestimatefor the
asymptoticlight cylinder radius Ry. Normalizing the Keplerianvelocity Q2 in the
sameway aslr (see§2.4),we obtainthe expression:

GM 1 GM/& 0.5Rs

il — . 3.2
PR T B = Dty OBV = 1)y (3:2)

Ry =

If we thenfix theiso-rotationparametef2r (V) andthedisk radiuszq;s, by ourmodel,
we seethat the asymptoticlight cylinder is proportionalto the massof the central
object! For Q4 (1) = 0.54 (which refersto the h = 0.5 model)andzgs = 0.2 the
asymptoticlight cylinderis Ry, = 116Rg, which is about2 timeslarger comparedo
the jet solutionwith arigid rotationQ2r = 1 andwill increasefor larger valuesof h.
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Figure 3.5: Two-dimensionaimagneticflux distribution ¥(z, z): regular global jet
solutionfor h = 0.2, g = 2.5 (seeTable3.2, solutionR1; Fendt& Memola2001a).

1 innersolution.Blue outersolution. Theiso-contourf ¥(z, z), equivalentto
poloidalfield lines,have contourlevels ¥,, = 1001”5 =0, ... 25. Notethatdueto
thechoiceof contourlevelstheiso-contourdensitydoesnot mirror thefield strength.

With the choiceof g, thevalueof R, constraintshe maximumpoloidalmagneticflux
andelectriccurrent.Here,no assumptions madeabouttheflux distribution alongthe
disk.

At this point, we areableto determinethe disk magneticflux distribution ¥(z) com-
bining the asymptoticjet rotationlaw Qr(¥) with a Kepleriandisk rotation Qx (z).
FromEq. (3.2) it follows that Qp (U) /Qr(1) = Qk(z)/Qe(¥ = 1) = (z/z4) %2
In combinatiorwith thenumericallyderived Qr () this givesthemagnetidlux distri-
bution ¥(z) alongthedisk (Fig. 3.10). Thefigure shows thatthe disk flux distribution
derivedfrom theasymptotiget is distributedonly overthe outerpartof thedisk. This
canbeinterpretedn two ways. First, it mayimply arelatively largeinnerdisk radius
and, thus,an asymptoticjet radiussmallin termsof radii of the centralobject. Sec-
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Figure 3.6: Two-dimensionaimagneticflux distribution ¥(x, z): enlagementof the
innerregion for thecaseh = 0.2, ¢ = 2.5. Theiso-contourof ¥(z, z), equivalentto
poloidalfield lines,have contourlevels ¥,, = 10~01™)* » =0, .., 25. Notethatdueto
the choiceof contourlevelstheiso-contourdensitydoesnot mirror thefield strength.

ondly, it justunderlineghefactthatin our modelthedistribution of theasymptotiget
iso-rotationparameters too flat in orderto betruly connectedo a disk magneticflux
with anextendedradial distribution. For a modeltaking into accountthe disk Keple-
rianrotationin afully self-consistentvay, the magneticflux distribution which hasto
be usedasdisk boundaryconditionfor the GSsolutionis theoneshavn in Fig. 3.10.

Ontheotherhand,theassumptiorof a Kepleriandisk rotationtogetherwith a certain

disk magneticflux distribution providesan expressionfor the iso-rotationparameter
Qp (V) = Qk(z(V)) = Qk(P). In fact,from thedisk magnetidlux distribution (2.23)

we derive z(¥) = a(e? — 1)'/2, then,from Eq. (3.2)it follows:

QQ (‘Il) — GM 1 — xgiskgl%(‘ll = 1)
K Roc® g3 (v — 1)*% g3 (eb¥ — 1)

(3.3)

FromEq.(3.3)andb = In(1 + (zgis/a)?) (see§ 2.5.2)onefinds:

—3/4

B () (1 () )
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Figure 3.7: Two-dimensionamagneticflux distribution ¥(z, z) for h = 0.5, g = 2.0
(Memola& Fendt2001). Left: Innersolution. Right: Outersolution. Attachingthese
innerandoutersolutionsalongthe light surfacewe obtainFig. 3.8. Theiso-contours
of U(z,z), equivalentto poloidal field lines, have contourlevels ¥, = 10-(©1%)’,
n =0, ..,25. Notethatdueto thechoiceof contourlevelstheiso-contourdensitydoes
not mirror thefield strength.

This functionis definitely steepecomparedo the Qr (¥)-distributionsthathave been
derivedin Fendt(1997b)andareusedhere.Thisis alimitation of ouransatz A steeper
profile for therotationlaw is not yet possibleto treatwith our codedueto the lack of
numericalresolution. The non-linearcharacterof the GS equationbecomesstronger
dueto thegradientsn the Qr-sourceterm.

In summary only a modelincluding differential rotation Qr () may provide a con-
nectionbetweenthe asymptoticjet, the disk magneticflux distribution and alsothe
sizeof thecentralobject. With our modelwe have presentedreasonablérst solution
for a self-consistentreatment.
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Figure 3.8: Two-dimensionaimagneticflux distribution ¥(z, z): regular global jet
solutionfor h = 0.5 (seeTable3.2,solutionR2; Fendt& Memola2001a). 1inner
solution.Blue outersolution. Theiso-contourof ¥(z, z), equivalentto poloidalfield
lines,have contourlevels ¥,, = 10--17)° =0, .., 25. Notethatdueto thechoiceof
contourlevelstheiso-contourdensitydoesnot mirror thefield strength.

3.6 Magneticangular momentumlossand disk toroidal
field

Jetscanefficiently remove angulaiTmomentum.The magneticangularmomentunioss
in thedisk dueto thejet drivesthe accretionprocessesideturbulence.

The jet magneticfield structureis governedby the choiceof the functionsZ(¥) and
Qr(¥), heretaken from an asymptoticsolution. In combinationwith the disk mag-
netic flux distribution in Eq. (2.23) we candeterminetwo parametersnterestingfor
the jet-disk interaction. Theseare: 1) the magneticangularmomentumloss per unit
time and unit radiusfrom the disk into the jet, which givesus the magneticangular
momentunflow from eachsurfaceelementalongthe disk, thatshovs wherefrom the
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equatorial plane

jet
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Figure 3.9: Two-dimensionamagneticflux distribution ¥(x, z): whole jet magnetic
structurefor h = 0.5, g = 2.0. Blue innersolution. Red outersolution. This figure
hasbeenobtainedby mirroring the axisymmetridwo-dimensionasolutionin Fig. 3.8

respecto thejet-axisandto the equatoriaplaneandthenrotatingit by 90°. Notethat
dueto the choiceof contourlevels the iso-contourdensitydoesnot mirror the field

strength.

disk the magneticangularmomentumis extracted,and2) the toroidal magneticfield
distributionalongthedisk. With I(¥) astheangulamomentunflux perunit time per
unit flux tube,the (normalized)angulammomentuntlux perunit time perunit radiusis
dJ/dx = —xB,I(x) alongthedisk. Figures3.11and3.13shaw the behaiour of both
guantitiesfor our jet modelwith the steepeprofile of therotationlaw, h = 0.5. Most
of the magneticangularmomentumis lost in the outer partsof the disk (Fig. 3.11).

21 (x)

The toroidal field distribution, By(z) = “ R alongthe disk hasa maximumat

&
abouthalfthedisk radius(Fig. 3.13). Thismayhave interestingapplicationdor accre-
tion disk modelstakinginto accounta magnetizedvind asa boundarycondition. The
magneticangularTmomentumossis determinedy the normalization,

J = ~(Lnax¥as/c) [ I(@)AT o1 J = ~(/GUne/2R0) [ 1(¥)aT,  (35)

where.J is theintegratedangularmomentundflow in thejet atthe disk surface,whose
dependengfrom z(¥) is shavn in Fig. 3.12.

Clearly, the exact distribution of thesequantitiesis biasedby the magneticflux disk
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Figure3.10: Magneticflux distribution ¥ (z) alongthedisk surfaceasdeterminedrom

the asymptotiget propertiesandthe Keplerianrotationof the disk (Fendt& Memola
2001a).In amodelthattakesinto accountthe disk Keplerianrotationin afully self-

consistentway, sucha magneticflux distribution should be usedas disk boundary
conditionin orderto solve the GSequation(2.20).
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Figure3.11: Magneticangularmomentumossper unit time perunit radiusdj/dx at
radiusz for thejet solutionwith A = 0.5, shavnin Fig. 3.8.

boundaryconditionof our modelin Eqg. (2.23).However, we believe thatthe mainfea-
turesarerathergenerabndvalid for ary poloidalcurrentandmagnetidlux distribution
with thetypical core-enelopestructure.
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Figure3.12: Integratedangulamomentunflow in thejet atthedisk surface,J (z), for
thejet solutionwith A = 0.5, shavn in Fig. 3.8.
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Figure3.13: Toroidalfield distribution B, () for thejet solutionwith ~ = 0.5, shovn
in Fig. 3.8.

3.7 Comparisonwith obsewations

Thejet of M87 shows superluminalmotion clearly indicatinga highly relatwistic jet
velocity (Biretta, Sparks& Macchetto1999). Recentradio obsenationshave been
ableto resolhetheinnermosipartof theM87 jet formationregionwith 0.33 x 0.12 mas
beamresolution(Junor Biretta& Livio 1999),correspondingo 2.5 — 7.0 x 10*cm.

Assuminga centralsupermasse black hole of 3 x 10° M, (Ford etal. 1994),this is

equialentto about30 Rs.
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Junor Biretta & Livio (1999) derved that the jet full openingangleis 60° up to a
distanceof 0.04pc from the sourcewith a strongcollimationoccurringafterwards.

We now apply our two-dimensionajet modelto theseobsenationsandcomparethe
geometricalscales. Sucha comparisonis not possiblefor e.g. self-similar models.
FromtheobsenredradioprofileresolvingtheinnerM87 jet (seeFig. 1 in Junor Biretta
& Livio 1999),we deduceajet radiusof aboutl20 Schwarzschildradii. With this, the
first importantconclusionis that the ratio of jet radiusto light cylinder radiusmust
be definitely lessthan the value of 100 which is usually assumedn the literature.
A numbervalue of 3—10seemgo be muchmorelikely. Numericalmodelsof two-
dimensionabeneralrelatvistic magnetigetsfitting in this picturewerecalculatedoy
Fendt(1997a). Thesesolutions,however, do not take into accountthe differential
rotationQp (V).

0.5+
0.0+
-0.5

Milliarcsec

-1.0

| | | | |
-0.5 0.0 05 1.0 15

Milliarcsec

Figure3.14: Nucleusof M87 at43 GHz (Junor Biretta& Livio 1999).

Junor Biretta & Livio (1999)claim that the M87 jet radiusin the region wherethe
jet is first formed cannotbe larger thantheir resolutionof 30 Rs. Our conclusionis
thatthe expansionrateis limited in both directions. The new radio obsenationsgive
aminimumvalueof 3. Sincethe jet massflow mustoriginateoutsidethe mamginally
stableorbit whichis locatedat3 — 6 Rg, theoreticaargumentdimit theexpansiorrate
to thevalueof about20. Clearly, if thejet radiusis really assmallasobsenedin M87,
generakelativistic effectsmayvary thefield structurein thejet formationregion.

By comparingheM87 jet radiusdeducedabove (~ 120 Rg) with our modelsolutions
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(seeTable3.2), we derive anasymptoticlight cylinder radiusof the M87 jet of about
50 Rs. The valueobtainedfrom Eq. 3.2 differs from that by a factor of two, but is
biasedby the unknavn size of the disk radiuszg;. This parameterhowever, does
not affect the global solution. Note thatin relatvistic MHD theory nothingspecialis
happeningtthelight cylinder. For a highly magnetizeglasmawind thelight surface
correspondso theusualAlfv énsurfacewhichitself doesnot affect theflow of matter
Ergo, thelight cylinderis un-obserable.

Also the openinganglein our numericalsolutionis largerthanthe obsened value by
afactorof two. This cannotbe dueto projectioneffectssinceary inclinationbetween
jet-axisandtheline-of-sightwill increaseéheobsenedopeningangle.We hypothesize
thata numericalmodelwith a steepeprofile for theiso-rotationparametewould give
a smallerjet openinganglecomparableo the obsered data. This is not surprising,
sincethe jet footpointanchoredn a Kepleriandisk rotatesfasterthanin our model.
Neverthelesscomparingthe collimationdistanceobseredin the M87 jet andassum-
ing a similar ratio of jet radiusto light cylinder radiusasin our modelwith h = 0.5,
we find goodagreementThe collimationdistancds 2R,.

In summarywe concludethattheexampleof theM87 jet givesclearindicationthatthe
light cylinder of AGN jets might not be aslarge aspreviously thought. Althoughour
modeldoesnot fit the obsered geometricapropertieof theinner M87 jet perfectly
we find in generala closecompatibility.

The importanceof the theoreticalinvestigationof the jet collimation region lies also
into the fact thatthis is the only way to getinformationaboutthe region very close
to the centralobject. In fact, the M87 exampleis uniquefor the combinationof a
closeobjectandasupermasse blackholeof 3 x 10° M. Consideringhe quasai3C
273atadistanceof about600 Mpc we calculatean angularsizeof thejet collimation
regionaround10—° arcsecwhichis still un-resohable.In fact,the spaceVLBI-VSOP
hasa spatialresolutionof tensof microarcsecondsln orderto reacha resolutionof
10~% arcseave needanantennan the Moon!



Chapter 4

X-ray emissionof MHD jets from
stellar massblack holes

4.1 The model

X-raysfrom jets probethe sitesof the mostenegetic particlesandthe mostdramatic
acceleratiormechanismsThe jet providesthe enegeticallink betweenthe disk and
the hardX-ray source.

Undertheassumptionsf axisymmetrystationarityandinfinite conductvity, theMHD
equationgeduceto the Grad-Shafanov equation which determineshefield structure
asdiscussedn Chapte andChapte andto thewind (or Bernoulli) equationwhich
describeghe flow dynamicsalong the field (e.g. Camenzind1986, 1987; seealso
§ 4.2). Thesolutionof the MHD wind equatiorallows for the calculationof the physi-
calparametersf theflow (densitiesyelocities temperaturesf ead volumeelement),
which canbe usedto investigatats spectraproperties.

Here,we calculatehethermalspectrunof anoptically thin jet flow takinginto account
one of the solutionsof Fendt& Greiner(2001)and consideringrelativistic Doppler
shifting and boostingas well as differentinclinationsof the jet-axisto the line-of-

sight. A similar approachwasundertalen by Brinkmann& Kawai (2000)who have

beenmodelingthetwo dimensionahydrodynamioutflow of SS433applyingvarious
initial conditions. However, they do not considerrelativistic effectssuchasDoppler
boostingin their spectra.

Themodelgeometryconsistf nestedcollimatingmagneticsurfaces.We have, then,
for everymagneticsurfacea sheebf matteracceleratinglongacollimatingcone. The
crosssectionof eachsheetbecomedarger for larger distancedrom the origin of the
jet. Our approachs thefollowing:

51



52 Thermal emission

e The MHD wind solution

The numericalcalculationof the magnetohydrodynamiparametersf a colli-
mating acceleratingvind from the closeervironmentof a rotating black hole,
aspresentedy Fendt& Greiner(2001),is the startingpointto obtainthe X-ray
spectraof theinnerjet of stellarmassblackholes.Prescribinghe masdlow rate
M, togethemwith the shapeof the collimatingfield lines z(z), thesesolutions
give a uniquesetof parametersf the flow definedby the regularity condition
acrossthe magnetosonipoints. We choosea solution (notedas S3in Fendt&
Greiner2001),where M, = 10~"°Mglyr andz(z) = 0.1(z — )%/5, = be-
ing the normalizedcylindrical radius, z, the foot point of the field line at the
equatoriapblane,andz the heightabove thedisk.

Thelengthscalesarenormalizedto the gravitationalradius,r, = 7.4 x 10° cm
(M/5 Mg). A temperaturgangeT = 10%%2-10° K definestheinnerpartof the
wind solution (from 12.7r, till 5007,). Our volumedistribution involves5000
volumeelementsalongthe jet and63 in ¢ directiondefiningan axisymmetric
torus(i.e. 5000tori alongthe magneticsurface),all togetherforming a conical
sheet.

e Calculation of the innermost jet rest-frame X-ray emission

Assumingan optically thin plasma,the calculationof thermalX-ray spectraof

the volume elementg(in their restframe) of the innermostjet, definedby the

wind solution,hasbeenperformed(Brinkmann2001). Fendt& Greiner(2001)
obtainedemperaturespto 102 K andmentionedhe possibilityof X-ray emis-
sion. Thehighertemperatureseferto theintermediateegion betweerdisk and
jet. Suchhigh temperatureareto a certaindegreecausedy the useof a non-

relativistic equationof state. Employing a relatiistically correctequationof

state(Syngel1957) one would expectgastemperaturesin order of magnitude
lower (Brinkmann1980).

Theinjectionradius,R;, whichis, in fact,theboundaryconditionfor thejet flow,
is locatedat a heightabove the disk of 0.74r,. It is R; = 8.3r; ~ 6 x 10°cm
(M/5 M), where,for the chosenMHD solution, the injection temperaturds
T; = 10'°2K. Theinnerjet half openingangleat theinjection radiusis of 80.4
degreeswhich respectshe Blandford& Payne(1982)conditionfor allowing a
centrifugallydrivenoutflow of matterfrom thedisk (see§ 1.2).

We (again)are interestedin a tiny region, dueto the X-ray temperaturesof
diameter2.5 x 10° AU, which extendstill 85 Schwarzschildradiiin z direction
(Rs = 2G Mgy /c® = 1.48x10° cm),thatmeanss.4x 10~% AU. Microquasajets
extendupto afew 6 x 10* AU in z, thereforewe areinvestigatingheinnermost
region of a stellarmassblack hole/neutrorstarjet. Assuminga microquasaat
a distanceof 10 kpc, the inner region of the jet hasan angularsize of 0.82 x

1The wind equationhasthreesingularpoints (the slov magnetosonipoint, the fastmagnetosonic
point, the Alfv én point), wherethe velocity of the wind flow equalsthe speedof the magnetosonic
waves.
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10~% arcsecwhile the maximumradiusof this regionis 3.70 x 108 cm, which
corresponds$o anangularsizeof about2.06 x 10~ arcsec.

e Doppler shifting and boostingof the rest-frame X-ray emission

Consideringherelativistic Dopplershifting andboostingof the emissionfrom
eachsingle volume of the proceedinget, we achieve spectrafor differentan-
gles betweenthe line-of-sightand the jet-axis. Freeparametersre the black
hole/accretomassM = 5M,, the jet massflow rate M, = 10~1° M /yr, the
shapeof the magneticfield lines determinedby z(x) andthe choiceof the an-
gle betweenthe line-of-sightand the jet-axis. Consered quantitiesalongthe
surfacesof constantmagneticflux are: total enegy density total angularmo-
mentummassflow rateperflux surfaceandiso-rotationparameter

Thethermalspectraof the optically thin jet flow areherecalculatedstartingfrom the
MHD equations.In turn, from the comparisorof the theoreticalspectrawith obser
vationswe might getinformationaboutthe structureof thejet very closeto the black
hole. We emphasizehatour approachs not (yet) afit to certainobsenedspectra.ln
contrary for thefirst time, for a jet flow with characteristicslefinedby the solutionof
theMHD wind equationwe deriveits X-ray spectrum.

4.2 The MHD wind solution from a rotating black hole

Thesolutionsof themagnetionind equationn Kerr metricwerepresentedy Fendt&
Greiner(2001)with particularapplicationto microquasarsHere,somemajor points
arebriefly discussed.

A stationary polytropic, generalrelativistic MHD flow along an axisymmetricflux
surfacecanbe describedby the following wind equationfor the relatvistic poloidal
velocity u, = i, /¢, i, is the Newtonianpoloidal velocity:

(4.1)

5)2 kokg + 0m2k2M2 - ]{,‘4M4

2 1=— -
Uy + o p (ko & omM?)? ,

where

ko = 9339 + 29032 + goo,
L
ky = 1-— QFEa

L L?
ky = — (933 + 2903E + 9oo ﬁ) / (9(2)3 - 900933)
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(Camenzindl986; Takahashetal. 1990)2

om = —1 standdor the signof the metric. F is thetotal specificenegy densityof the
flow, M? = 4;m’u§/B§ the Alfv enMachnumber n’ the properparticledensity . the
specificenthally and Bp = By/(g900) + 9032r) the poloidal magneticfield rescaled
for mathematicatorvenience.Qr = Qg (V) is theiso-rotationparameteand L the
specificangularmomentumfor the jet, while a is the black hole angularmomentum
parameter

For a polytropicgaslaw, P « p' (I' = 5/3), thewind equation(4.1) canbe corverted
into a polynomialequation whosecoeficientsarefunctionsof the normalizedcylin-
dricalradiusz = R/rg, whereR is thecylindrical radiusand Rs = 2r, (dependingn
a) is thegravitationalradius.

Usually the generalrelativistic equationsare normalizedto the gravitational radius,
whereaghe specialrelatiistic equationsaarenormalizedto the asymptotidight cylin-
derradius(asseenn Chapter).

For eachvolume elementalongthe magneticflux surface,valuesof velocity, density
andtemperaturareobtained(seeFig. 4.1). This allows for the calculationof anop-
tically thin X-ray spectrumdefinedby this wind solution. The wind solutioncanbe
calculatedto arbitraryradii, here,a subsetof the whole solutionwill be considered,
till z < 500. Eachvolume elementis definedas As An (z A¢), whereAs is the
line elementalongthe poloidalfield line, An is the one acrossthe flux surfaceand
Aly = z Ag is theline elementin ¢ direction. Due to the choiceof A¢ = 0.1, a
horizontaljet-torusof rectangularcrosssection(hereafteronly jet-torus)contains63
volumeelements.The choiceof thelengthof As takesinto accounthatgradientsof
velocities,densitiesandtemperatureshouldbesmallwithin thevolume(< 1%). ®(x)
is the flux tube function, that expressthe openingof the flux surfaces. For the wind
solution,it is ®(z) = 1, thatimplies An = Aly. ®(z) = |%%| 2 = Bp 2. Choserthe
shapeof the flux surface,determinedby z(z), ®(z) definesthe positionof the other
flux surfaces.Notethatin afully self-consistenapproachhefield structurecouldbe
determinedby the solutionof the GS equation,but suchself-consistensolutionsare
notyetavailable.In theinnermospartof thejet theflow is notyetcollimated therefore
it is basicallymoving in radialdirection,thisis thereasorof thelinearvolumedepen-
dencevisiblein Fig. 4.1. For radii > 500, thatmeangemperature¥’ < 10%52K, the
flow collimates.Thepoloidalvelocity u, (seeFig. 4.1) saturatesitu, = 2.58for x4,
=10, v = 2.8. It reachesheslow magnetosonispeedatz = 9, thefastmagnetosonic
speedatz = 136andthe Alfv énspeedatz = 23. Theasymptotidight cylinder radius
Is locatedat x = 28.

2In Kerrgeometryfor Boyer-Lindquistcoordinatesthecomponentsf the metrictensoraredefined
as:goo = o (2r/p(r,8)” — 1), gos = —om2rasin(8)?/p(r,6), gs3 =03 (r, 6)* sin(6)*/ p(r, 6)*, with
p? =r? + a? cos? §, wherer andd aresimilarto their flat spacecounterparsphericakoordinates.

3Notethatin Fendt& Greiner(2001)a uy, is plotted,wherea is the lapsefunction describingthe
lapseof the propertime 7 to theglobaltime¢.
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4.3 Thermal emission

We distinguishtwo partsof the inner jet flow. Oneis for a temperatureange? =
10%6—-10° K, wherewe calculatethe optically thin continuumandthe emissionlines.
Theotheris for T' = 10°-10'2 K, whereonly bremsstrahlungs important.

In the hypothesif optically thin plasmafor temperaturegangeT” = 10%2-10° K we
got the emissvities (em/cn?/sec/0.keV) in the enegy band0.2—-10.1keV, having a
bin sizeof 0.1keV (Brinkmann2001)for our wind solution. Takinginto accountthe
sizeandthedensityfor acertainvolume,theluminosity (erg/sec/0.keV) of ajet-torus
of 63 volumeelementshasbeencalculated.Examplesof four differenttemperatures
areshovnin Fig. 4.2.

The computationof the continuumspectrumand the emissionlines of an optically
thin plasmaakesinto accounfree-free free-boundandtwo-photonprocessefMewe,
Gronenschild& vander Oord 1985; Kotani et al. 1996; Brinkmann& Kawai 2000).
Thecosmicalundancesisedarethosegivenby Allen (1973)for aplasman ionization
equilibriumata certaintemperaturd’.

Figure 4.2 shows that, with the increaseof the temperaturethe luminosity rangeis
compressedthereforethe spectrain Fig. 4.2 (top) look steeperandwith a stronger
cutoff thanthosein Fig. 4.2 (bottorm) andthe strongcutoff seerfor lowertemperatures
disappearsThe luminosity of hot gasvolumeelementy7T ~ 10° K), locatedabove
theinjectionpoint, is higher(factor100) thanthe oneof the cooler but fastervolume
elements.

It is importantto remarkthattheluminositiesshavnin Fig. 4.2 arecalculatedor ajet
massflow rateof Mjet = 10~ 19Mg/yr. This quantityis notknown from obsenrations,
thereforethe calculateduminositiesprovide an essentiacheckfor the jet massflow
ratechoice. In fact, usinga jet massflow rate of Mjet = 108 M/yr the luminosity
wouldincreaseof afactor10?, for the samemagnetidield geometry

In the enegy band 0.2-10.1keV mary emissionlines are found for temperatures
T = 10%2-10° K (Mewe, Gronenschil& vanderOord 1985;Brinkmann2001). The
enegy band0.5-0.%KeV containgO, N, Fe,Ne, S,Caemissiorlines. Theenegy band
1.0-4.keV containsNe, Fe,Mg, Ni, Si, S, Ar, Caemissionlines. The enegy band
6.6—7.%keV mostlycontaingd=e XXV andFeXXVI emissiorlines. Thesdinesarealso
temperaturendicators(Brinkmann& Kawai 2000). FeXXV is the He-like iron and
FeXXVI is the H-like iron. For temperaturesigherthanT = 10° the plasmais fully
ionized,thereforeBremsstrahlungontinuumemissionis dominant.

In orderto calculatethe thermalcontinuumemissionof anoptically thin fully ionized
plasmawe usethe formulaof the Bremsstrahlungmission(em/sec/cm/Hz):

aw
dVdt dv

€)= = 6.8 x 10738 22n n, T~ 2ev/*'g, 4.2)
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whereg(T, v) is thevelocityaveraged Gauntfactor (Rybicki & Lightman1979),Z is
the atomicnumber n, is the electronsdensity n; the ions density A is the Plancks
constanaindk the Boltzmanns constantA goodestimatecanbe madeby settingg to
unity. For the spectrashawn this factordiffersslightly from volumeto volume.

Consideringsize and densityof the volume element! for temperaturesip to 10° K,

we obtain valuescomparablewith the luminositiesin Fig. 4.2 asexpected. In fact,
Bremsstrahlungs includedin thatcalculation.Fortemperaturd” = 10'° K, theBremsstrahlung
luminosityis Ly, ~ 10?° em/sec/0.keV with a Bremsstrahlungutoff enegy (hv ~

kT) at827keV. Fortemperaturd” = 10'! K we obtainLy, ~ 10%” emy/sec/0.keV with

acutoff enegy at8.27MeV. For temperaturd’ = 102K is L, ~ 10%° erg/sec/0.keV

andthe cutoff enegy is at 82.7MeV. Therefore,we expectan increaseof the X-ray
luminosity dueto the bremsstrahlungontribution of the hottestregionsin thejet-disk
systemjf theoptically thin conditionis still satisfiecthere.

Gamma-rayemissioncan be expectedby the hottestinnermostpart of the jet-disk
system(Fendt& Memola2001b).OSSE(OrientedScintillation SpectrometeExperi-
ment),oneof thefour instrumentsaboardhe ComptonGammaRay Obsenatory, has
obsenedthe microquasatGRS1915+105ninetimesin 1995-200Gandthe datashov
aspectrumextendingup to > 600keV without ary break(Zdziarskietal. 2001).

4A factor2.418x 10'6 corvertsthe unitsto erg/sec/0.keV.
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Figure 4.1: Inner part of the wind equationsolution. For M = 5M, and Mjet =

1071 M lyr, theradii z arenormalizedto the gravitational radiusr, = 7.4 x 10°cm,

the volumeelements)/, arenormalizedto 4.1 x 10" cm® andthe particledensityp

is normalizedto 4.31 x 10' cm™3. u, = ~i,/c is the poloidal velocity. The plasma
temperaturd’ is in Kelvin. The flow is weakly collimatedreachingan half opening
angleof 70° ataboutx = 250.
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Figure 4.2: X-ray luminosities for a jet-torus of 63 volume elements(Mjet =
10~ 10M lyr). Top: T =10%%* K andT = 107 K. Bottom:7 = 108 K and7 = 10° K.



Chapter 5

Theoretical thermal X-ray spectra

5.1 Therestframe spectrum

In orderto calculatethe X-ray spectrave sumup the luminositiesof eachvolumein

the sameenegy bin for thewholetemperaturelistribution (10%-2-10° K) alongthejet,

thatcorrespondso 5000volume elementsalonga singlefield line. Taking alsointo

accountthe 63 volumeelementsn ¢ directionwe obtainthe theoreticalthermalrest
framespectrunof a conicalsheetformedby the 5000jet-tori).

As afirst step,therestframespectrums calculatedwithout takinginto accountrela-
tivistic effectsof Dopplerboostingandshifting. This spectrums shavedin Fig. 5.1.
Thelinesat 6.6keV and6.9keV may be identifiedasthe K« linesfrom He-like and
H-likeirons,while theoneat 8.2keV couldbethe K 8 from the He-like iron.

From a total jet massflow ratealongthe whole jet Mjet = 10~1°M/lyr, we derive a
masdlow ratethroughajet-torussectionperpendiculato thejet-axisof 2x 10~ M /yr.

Thetotal rest-frameX-ray luminosity of thejet is Lx,,, = 37.7 x 10% emg/sect The
total kinetic luminosity of thejetis Ly, = yMi.c®> = 1.5 x 10*” ery/sec.We seethat
Ly >> Lx,,,. Thisproves,a posteriori thatthe basicassumptiorof a polytropicgas
law (P o p",T" = 5/3) usedto obtainthe MHD wind solutionis consistentvith the
amountof radiationlosses We now considertherelatuistic effectsfor the jet moving
toward the obserer. We do not take into accountthe countefjet, which would be
treatedn a similarway. However, dueto therecedingcharacteof the countefjet, the
luminositieswould be de-boosted.

LIt includesa factor5 thatcomesfrom the ratio betweerthe areaof a surfaceperpendiculato the
jet-axisandtheareaof a section(perpendiculato thejet-axis)of the 63 volumeelementget-torus.The
factorremainsconstangalongthejet.
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Figure5.1: Restframespectrunfor ajet conicalsheet.
5.2 The Doppler shifted and Doppler boostedspectra

Therelatvistic Dopplerfactoris definedas:

1

b= ¥(1 — Bcosh)’ (®-1)
wherey = (1 — B%)7/2 is the Lorentzfactor 3 = u/c is the plasmavelocity in

units of the speedof light (Rybicki & Lightman1979)and# is the anglebetweerthe
velocity vectorandtheline-of-sight(in therestframe). Dueto therelatiistic motion,
theobseredenepgies, E, andcorrespondinduminosities,L,, of ead volumeelement
will be respectrely shiftedandboostedfollowing Eq. (5.2) and (5.3), over the ones
emitted(calculated)n therestframe,E, andL,:

E, = DE,, (5.2)
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1.249
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69.88
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1.284

0.670

1.881

0.534
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(5.3)

Table5.1: Four examplevolume elementsandtheir relatedparameters.The higher
temperatureefersto thejet region closerto theaccretor Quotedarethetemperaturd’,
themassM, theparticledensityp andtheLorentzfactory. Theangled) is betweerthe
plasmavelocity andtheline-of-sight,if theline-of-sightis parallelto thejet-axis.The
Dopplerfactorcorrespondingo thisangleis Dy . If theline-of-sightin inclined of 20°
to the jet-axis, the minimum anglebetweerthe plasmavelocity andthe line-of-sight
is ¢ — 20° andthe correspondinddopplerfactoris D_y,, while the maximumangle
betweenthe plasmavelocity andthe line-of-sightis ¢, + 20° andthe corresponding
Dopplerfactoris D 5. In thesameway, for anangleof 40° betweerthe line-of-sight
andthejet-axiswe calculateD_,, and D 4.

As anexample,we provide the parameter$or a sampleof four volumeelementgsee
Table5.1). In column (1) is the temperatureof a certainvolume element. For that
volume,its mass(column?2), particledensity(column3) andLorentzfactor(column
4) arequoted.

In column(5), § = 6 is theanglebetweerthedirectionof the plasmavelocity andthe
line-of-sight,if theline-of-sightis parallelto thejet-axis. We alsoconsiderothertwo
casestheline-of-sightinclinedto the jet-axisof 20° andthe line-of-sightinclinedto
thejet-axisof 40°. This meanghatthe minimum anglebetweerthe plasmavelocity
andthe line-of-sightwill be § = 6, — 20° in thefirst caseandf = 6 — 40° in the
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secondcasewhereaghe maximumanglebetweerthe plasmavelocity andtheline-of-
sightwill bed = 6 + 20° in thefirst caseandd = 6 + 40° in thesecondone.

In orderto provide the boostedand shifted spectra for eachof the five 6 (6, 6 —

20°, 0 + 20°, 6 — 40°, 6 + 40°), whosevalueschangefor eachvolume element,
5000correspondingelatwvistic Dopplerfactorshave beencalculated D), D_x, D90,

D_49, D.4). Thosevalues for the4 samplevolumeelementsonsideredn Table5.1,
arein columns(6),(7),(8),(9)and(10).

Taking into accountthe changeof the velocity direction(of the angle,) towardthe
line-of-sightalongthejet-torus,it hasbeenconsideredeasonabléo divide the 27 jet-
torusof 63 volumeelementsn two regions: 1) 1/3 of the size containing21 volume
elementsfor themthe Dopplereffect hasbeencalculatedusingthe minimum angles
betweerthe plasmavelocity andthe line-of-sight(6, — 20° or 6, — 40°), 2) 2/3 of the
size containing42 volume elementsfor themthe Dopplereffect hasbeencalculated
usingthemaximumanglesbetweerthe plasmavelocity andtheline-of-sight(6, + 20°
or 6 + 40°).
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Figure5.2: Dopplershiftedandboostedspectrumby Dopplerfactor D (dottedline)
of asinglevolumeelementatT = 10° K andrestframespectrun(solidline).
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Figure5.2shawvsthe shiftedandboostedspectrunof thevolumeelemeniatT = 10° K
in Table5.1calculatedusing D) = 1.010(¢; = 81.76°). In thiscaseve have only aweak
Dopplerboostingand shifting effect, in fact, we arelooking almostperpendiculato
anuncollimatedfow.

It is importantto underlinethat the Doppler factor hasa strongdependencen the
viewing angle(Urry & Padovani 1995)which getsstrongerfor larger Lorentzfactors.
The Dopplerfactor D is unity for , = arccos (\/(7 —1)/(v+1)), for anglesarger
thanfy relatwvistic deamplificationtakesplace. This is the reasorfor Dopplerfactors
smallerthan unity in our jet (seeTable5.1). Also known as secondorder Doppler
effect, it wasfirst obseredin SS433 (Margon 1984). De-boostingis also present
in the asymptoticradio jets (differentfrom the collimation region investigatechere)
of GRS1915+105inclined by 70° to the line-of-sight, actually providing a distance
indicator(Mirabel & Rodriguez1994).

Looking at differentinclinationsto the jet the shifting and boostingeffect becomes
larger. Figure5.3 (T = 10° K, D_y, = 1.069(left), D, o = 0.955(right)) andFig. 5.4
(T =10°K, D_4 =1.123(left), D4 = 0.909(right)) illustratetheseeffects.In Fig.5.3
(left) andFig. 5.4 (left) boostingandblue-shifting(dotted,dotted-dashedriple dotted-
dashedine) of the restframespectra(solid line) arevisible, wheread-ig. 5.3 (right)
andFig. 5.4 (right) shav a de-boostingandred-shiftingof the spectra.The maximum
boostingis obtainedvia the Dopplerfactor D? ,, = 6.65(for thetemperaturevalueT
= 10%54 K) andthe maximumde-boostingfor the volumeat the oppositeside of the
cone,via the Dopplerfactor D% ,, = 0.15for the sametemperature The line shifting
is clearlyvisible.

In Fig. 5.5 all the shiftedandboostedspectracalculatedfor 7' = 10° K (left) andT =

107 K (right) areplottedtogether The spectraof the volumeelementat lower temper

aturearesteepethanthe highertemperaturenes. The highertemperaturglasmais

moving with slower speedthereforeDopplerboostingandshifting aremorevisible in

thelowertemperatursummarizingplot (Fig. 5.5, right). Notethat,dueto thevalueof

the Dopplerfactor D), (seealsoTable5.1), the correspondingpectrumis blue-shifted
if thetemperaturevalueis T = 10°K (Fig. 5.5, left, blue dottedline) andred-shifted
whenT =107 K (Fig. 5.5, right, reddottedline).

5.3 Total Doppler shifted and boostedspectra

We sumup the luminositiesfrom eachvolumeelement(with a differenttemperature)
alongthejet. Sincethevolumeelementdave alsodifferentvelocities thesinglespec-
tra areshiftedandboosted.We needthento interpolatethe singlevolumeluminosity

values,in orderto obtainatotal shiftedandboostedspectrum.

In Fig. 5.6 (left), only a single volume elementin ¢ direction hasbeenconsidered,
this plot canthereforebe comparedwith the onesin Fig. 5.7. In Fig. 5.6 (right), the
calculatedspectraof the jet conicalsheetareshavn. Whenthe Dopplerfactoris D
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Figure5.3: Left: Blue-shiftedandboostedspectrumby Dopplerfactor D_,, (dotted-
dashedine) of asinglevolumeelementattemperaturd” = 10° K andrestframespec-
trum (solid line). Right: Red-shiftedandde-boostedpectrunby Dopplerfactor D, o
(dotted-dashedine) of a single volume elementat temperaturel’ = 10° K andrest
framespectrum(solidline).

(the line-of-sightis parallelto the jet-axis),the differencebetweenFig. 5.6 (left) and
Fig. 5.6 (right) is exactly of a factor63 in luminosity. Theiron lines appearto be
de-booste@ndslightly shifted.

The total X-ray luminosity of the jet consideringthe boostingdueto Dy is Lx,,, =

6.4 x 10% (Mjet = 1079M /yr) ey/secand,for adifferentjet massflow rate,Lx,,, =
6.4 x 103 (M;e; = 1073 M /yr) emy/sec.

More complicateccasesywhentheline-of-sightis inclinedto thejet-axis,areshovnin
Fig. 5.7. Theseareour tentatvely combinedspectrafor a line-of-sightthatformsan
angleof 20° (left) and40° (right) with the jet-axis. An interpolationprocesss neces-
sarynot only to calculatethe blue-shifted(bluescurves)andred-shifted(red curves)
part of the spectrabut alsoto calculatetheir combinedspectra(greencurves). The
total spectrahave beencalculatedirst weighingthe blue-partfor 21 volumeelements
andthe red-partfor 42 volume elementsthen, summingup the valuesonly where
bothdatawereavailableandrenormalizingto 63, in orderto plot all the contrikutions
together

An interestingconsideratiorcan be doneaboutthe iron line featuresin Fig. 5.7 for
the curvesrepresentinghe boostingandshifting dueto the DopplerfactorsD_,, and
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Figure5.4: Left: Blue-shiftedandboostedspectrumby Dopplerfactor D_,, (triple
dotted-dashedine) of a single volume elementat 7" = 10° K and rest frame spec-
trum (solid line). Right: Red-shiftedandde-boostedpectrunby Dopplerfactor D, 4
(triple dotted-dashedine) of a single volume elementat 7' = 10° K and restframe
spectrun(solid line).

D_4. In thefirst casethe iron lines featuresare considerablyshifted also after the
interpolation. The changean theline shapeds dueto the factthatfor eachof the 5000
volumesalongthe jet a different Dopplerfactor mustbe considered.In the second
casefor alargerjetinclination,thelines,shiftedto higherenegies,arewidely spread
out. Thefeaturearoundl.5keV is probablydueto a lack of resolution,the bin size
is 0.1keV. The cuspidmight be only an artefact. The de-boostingcontritution of the
recedingcounterjet hasnot beentakeninto account.

The total X-ray luminosity of the jet consideringthe boostingdue to the combined
effect of D o and Dy is Lx,,, = 1.4 x 10%® (M;,, = 107'°M,/yr) emy/secand
Lx,, = 1.4 x 10% (Mj, = 10~8M_lyr) erg/sec,while for the caseD 4, and D4
we gain Lx,,, = 1.1 x 10% (M, = 10"°Mlyr)ery/secand Lx,,, = 1.1 x 10%
(]\'/_/'jet = 10-8M_lyr) ey/sec. Thesevaluescan be increasedy the contribution of
bremsstrahlunffom thehightemperaturéZ” > 10° K) volumestill aboutx~ 10** erg/sec.
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Figure5.5: Dopplershiftedandboostedspectraof a singlevolumeelement:summa-
rizing plot. Blue blue-shiftedspectra.Bladk: restframespectrum.Red red-shifted
spectra.Left: T = 10° K. Right: 7" = 107 K. For comparisonseeFigs.5.2,5.3, 5.4,
Table5.1.

5.4 Comparisonwith obsewations

We find X-ray emissionfrom the hot partof the collimating, acceleratedgalacticsu-
perluminalmagnetiget verycloseto its origin. ThecalculatedspectrgMemola,Fendt
& Brinkmann2002) are the resultof a truly MHD calculation,which describeghe

realflow characteristicsThe K o He-like iron emissionline of our theoreticathermal
spectras probablyconfirmedby ASCA (0.5-10keV) obsenationsof GRS1915+105
(Ebisavaetal. 1998)andthe K« H-likeiron emissionline might be presenin ASCA

obsenationsof XTE J1748-288(Kotanietal. 2000).

In GRS1915+10%heejectamove atananglef) = 70° with respecto theline-of-sight
(Mirabel & Rodiiguez1994).1t hasto beclarifiedthatthis is the caseof alarge-scale
asymptoticcollimatedjet, wherethe motionis always parallelto the jet-axis. In our

small-scalecollimating jet an angleof 70° betweenthe motion and the line-of-sight
is obtainedfor # = 6, if the temperaturés 7' = 10%%* K. Note thatin our caseof

uncollimatedwind the velocity (the motion) is directedaway from the jet-axisof an

angled = 0.

GRS1915+105X-ray luminosityis 10%® erg/secin low-stateand103® ery/secin high-
state(Greiner Morgan& Remillard1996),andlargerthantheluminositywe gain.
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Figure5.6: Left: Dopplershiftedandboostedspectrunof the 5000volumeselements
alongthe jet ( ) for Dopplerfactor D), andrestframe (black). Right: Doppler
shiftedandboostedspectrunof thejet conicalshee{ ) for DopplerfactorD; and
restframe(black).

Thedifferencemight be explainedby severalreasons:

e It is notyet clearhow muchof the X-ray luminosity comesfrom the disk and

how muchfrom thejet.

The Bremsstrahlungontritution of the hottestinnervolumescouldincreasdhe
valueof thetotal luminosity, if the conditionof optically thin plasmawould still
be satisfied.

A masdflow rateof Mjet = 108 M /yr contrikutesto increaseheluminosity of
afactor10?.

A more collimatedfield distribution would imply larger velocitiesand smaller
anglesbetweenthe plasmamotion and the line-of-sight, this would leadto a
larger Dopplershifting andboosting.

Higher jet velocities(y > 2) may increasethe Dopplerboosting. Suchveloc-
ities canbe easily obtainedfor a higherflow magnetizationi.e. for a stronger
magneticfield strengthor a lower jet massflow rate (seee.g.Fendt& Camen-
zind 1996). However, for the samemassflow rate,a highervelocity impliesa
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Figure5.7: Left: InterpolatedDopplershiftedandboostedspectrumalongthe jet for
DopplerfactorsD_,, (blue) and D, 5, (red). Total spectrum( ) andrestframe
(black). Right: InterpolatedDoppler shifted and boostedspectrumalongthe jet for

DopplerfactorsD 4, (blue) and D4, (red). Total spectrum( ) andrestframe
(black).

lower gasdensity which maylead,insteadto a decreasef the luminosity. The
interactionof theseeffectsis rathercomple.

e Answeringthe questionhow theseeffects determinethe obsered X-ray lumi-
nosity, would requirea detailedstudyof variousMHD wind solutionsandtheir
derivedspectranvestigatingdifferentmagneticfield geometriegdegreeof col-
limation), jet massflow rates(theflow magnetization)andalsopossiblemasses
of thecentralblackhole.

Markoff, Falcke & Fender(2001)have recentlyshavn (for XTE J1118+480}hatsyn-
chrotronemissionfrom the jet may play a role alsoin the X-ray band. Their model
differsfrom oursin somerespectsespeciallytheinitial jet accelerations not treated
andthe jet nozzlegeometryis more concentratedlongthe axis with a jet radiusof

only 10 Schwarzschildradii (in our modelthejet is muchwider andcollimateslater).

As a consequencehe densitiesbecomehigherandit is questionablevhethera more
reasonablget geometrywill deliverthe sameamountof X-ray flux.

The theoreticalspectraderived provide an additionalinformationneededn orderto
interpretthe obsened emissionlines. A more detailedinvestigationmight answer
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the questionwhetherthe line emission,or at leastpart of it, comesfrom the highly
relativistic jet motion or from a rapidly rotating (i.e. alsorelatwistic) accretiondisk.
For example,we expectthe emissionlines of a collimatedjet being narrover, and
probablyshifted by a larger Dopplerfactor dueto the strongbeaming. One should
alsokeepin mind that the direction of motion of the jet materialis inclined (if not
perpendicularjo the disk rotation.

If the obsenationswould tell usthatthe DopplershiftedFelineswhich arevisible in
our theoreticalspectraarisein the jet material,this would also prove the existenceof
a baryoniccomponentin thesgjets. If jetsfrom X-ray binariesindeedcontainmatter
of baryoniccompositionpur modelwill have abroadapplication.Indicationof thatis
probablygivenby the obsenationof iron emissionlinesin somesourcegseeabove).
Our calculatedFe emissionlines may help to interpretthe obsened spectraand po-
tentially give someclue on the plasmacompositionin relatvistic jets. Investigating
spectraof jetswith differentmagneticgeometry massflow ratesand centralmasses,
in the end, might alsoallow to constrainthe intrinsic parameter®f jet formationit-
self (suchasmassloadingor openingangle)from the obsenation of the large-scale,
asymptotiget.
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Summary

In this thesisthe jet formation region of relativistic, magneticjets using stationary
axisymmetricmagnetohydrodynamimodelshasbeeninvestigatedThe advantageof
a stationaryapproachs the possibility to treatthe jet physicson a global scale. Our
resultsareapplicableto highly relativistic jetsasobseredin active galacticnucleiand
microquasarsin particular we numericallycalculatethefield structureof collimating
jets, takinginto accountifferential rotation of thefoot pointsof thefield lines (Fendt
& Memola200la;Memola& Fendt2001)andinvestigatethe X-ray emissionof the
innerjet startingfrom thejet flow parametergFendt& Memola2001b;Memola,Fendt
& Brinkmann2002).

We calculatehetwo-dimensionamagnetidield distributionin collimating,relativistic
jets. The structureof the axisymmetricmagneticflux surfacesis obtainedby solving
themodifiedrelativistic force-freeGrad-Shaframoequatiomumerically In relativistic
magnetohydrodynamicg]ectric fieldsbecomemportantin differenceto Newtonian
magnetohydrodynamicd.he simplifying assumptiorof the force-freelimit hasbeen
appliedasrelatiistic jets mustbe highly magnetizedThe accretiondisk is in general
animportantfeaturein the jet formationprocessthushaving a differentially rotating
disk asboundaryconditionwasa fundamentalssue.

Two main problemshadto be solved in orderto calculatea two-dimensionafield
distribution: 1) to determinethe a priori unknown locationof thelight surface,2) the
propertreatmenbf the regularity conditionalongthatlight surface. Thelight surface
is the force-freeequialentof the Alfv én surface and provides a singularity in the
Grad-Shafranoequation.

We find numericalsolutionsfor the two-dimensionamagneticflux distribution con-
nectingtheasymptoticcylindrical jet with adifferentiallyrotatingdisk. In ourexample
solutionstheasymptotiget radiusis about2.5timestheasymptotidight cylinderradii.
Thisis thefirst truly two-dimensionatelatiistic solutionfor a jet magnetospheria-
cluding differential rotation of the iso-rotationparameteQr(¥). The physicalso-
lution, being characterizedy a smoothtransitionof the field lines acrossthe light
surface,is uniquefor a certainparametechoiceof therotationlaw Q2.

The half openingangleof the numericaljet solutionis about60 degrees.Cylindrical
collimationis achiezed alreadyafter a distanceof 1-2 asymptotidight cylinder radii
alongthejet-axis. Differential rotation decreasethe jet openingangle,but increases
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thedistancerom thejet origin wherecollimationis achiezed. Thejet expansiornrate,
definedasthe ratio of the asymptoticjet radiusto the jet radiusat the jet origin, is
about10.

Several interestingpropertieswhich areimportantfor the disk evolution, canbe de-
ducedfrom the asymptoticjet parameters. Examplesare the disk toroidal magnetic
field distribution, with a maximumat half of the disk radiusandthe angularmomen-
tum flux perunit time andunit radius. Thisis interestingasa boundaryconditionfor

accretiondisk models.We find thatmostof the angulatTmomentunis lostin theouter
partof thedisk.

Comparisorof our modelwith radio obsenationsat 43GHz of the M87 jet (Junor
Biretta& Livio 1999),givesgoodagreemengualitatively. From our numericalsolu-
tion wederiveanasymptotidight cylinderradiusof theM87 jet of about50 Schwarzschild
radii. Collimationof thejet would be achieredaftera distanceof two asymptotidight
cylinder radii from the source. This value matchegyuite well the radio obsenations,
however, the jet openinganglein our modelis larger by a factorof two. M87 is a
uniqueexamplefor thecombinationof a closeobjectanda supermasse blackhole of
3 x 10° My,. Consideringhe quasai3C 273 at a distanceof about600Mpc we calcu-
late thatthe collimation region hasanangularsize of 10~¢ arcsecstill un-resohable.
It is thereforeclearthatfor mostof the extragalactiget sourcegheoreticalinvestiga-
tions arethe only possibility to gaininformationaboutthe physicalprocesse the
innermosfet region.

Applying the jet flow parametergvelocity, density temperatureflerived by Fendt&
Greiner(2001)from therelatiistic magnetohydrodynamwwind equation theoretical
thermalX-ray spectravereobtained We calculatethermalX-ray luminosityalongthe
magnetidlux surfacesn theenegy range0.2—10.1keV. Thetotal spectraverederived
ascompositionof the spectrakcontributionsof thesinglevolumeelementsaccelerating
alongthejet with relatvistic speed.This s thefirst time that X-ray spectrahave been
calculatedrom the numericalsolutionof a magnetohydrodynamiet.

We find X-ray emissionfrom the hot inner part of the jet originatingin a region of
2.5 x 10~° AU diametercloseto the centerof a 5 M, jet source. The jet X-ray lu-
minosityis Lx,,, ~ 10% (M;/10~8 M /yr) erg/sec. Emissionlines of Fe XXV and
FeXXVI areclearlyvisiblein ourspectralnterestinglythe K« iron emissiorline has
beenprobablyobsenedin GRS1915+105Ebisavaetal. 1998)andXTE J1748-288
(Kotanietal. 2000).

Sincerelatvistic effectsasDopplershift andDopplerboostingshouldbeimportantfor
thesejets, we investigatehow the spectraare affectedby them consideringdifferent
inclinationsof the line-of-sightto the jet-axis. Sincewe know the velocity of the jet
from the magnetohydrodynamisolution, we find a maximum Doppler boostingof
about7. Minimum boostingis presentlongthe oppositesideof the jet cone(Doppler
factor0.53). The shift of the emissionlinesis alwaysvisible. The boosting,however,
doesnot play a majorrole in the total spectrapecausef the uncollimatedgeometry
of theinnermostpartof thejet emittingthe X-raysandthe combinedeffect of boosting
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andde-boostingaroundthejet cone.

Finally, we like to emphasizehat our approachs not (yet) a fit to certainobsenred
spectra.In contrary for the first time, for a jet flow with characteristicglefinedby

the solutionof the MHD wind equationwe derive its X-ray spectrum.Thus,our free
parameterarethemassof thecentralobjectM definingthelengthscalesthejet mass
flow rate M, defining the densitiesand the shapeof the poloidal field lines z(z).

Comparisonof our calculatedemissionlines to obsened onesmay also give some
hintson the plasmacompositionin relatwistic jets.

“The greaterthesphee of our knowledg@, thelarger the surfaceof its contactwith the
infinity or our ignorance”. Anonymougsurely a scientist!)
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Appendix

A.1 Numerical details

Thenumericalkolutionof themodifiedrelativistic GSequation2.21)is obtainedusing
the methodof finite elementsasdevelopedby Camenzind1987); Fendt,Camenzind
& Appl (1995); Fendt& Memola(2001a);Memola& Fendt(2001). In orderto pro-

vide the two-dimensionamagnetospherglobal solution,the inner solution (the field

distribution calculatedfrom the jet-axistill the light surface)andthe outer solution
(the field distribution calculatedfrom the light surfacetill the jet boundary)arerun

separatelysingthe Finite ElementCode.

Themodifiedrelativistic GSequation(2.21)containghreenonlinearterms:thepoloidal
current,I (W), theangularvelocity, Qr (¥) andthegradientof themagnetidiux func-
tion, V. To dealwith thosenon linearities(in particularthe gradientsare highly
nonlinear) differentiterationloopsarenecessaryThe asymptoticsplinefunctionsare
usedto obtain poloidal currentand angularvelocity of the asymptoticcylindrically
collimatedjet. The sourceterm is the right handside of the modifiedGS equation
(2.21).

Differential rotationalsoimpliesanothercomplication:positionandshapeof thelight

surfaceare not known a priori. The problemof handlingthe light surfacebound-
ary lies in the zemo presentn the left handside of the modifiedGS equation(2.21),

whenthe condition RQr (V) = c is fulfilled. Along thelight surfacethe modifiedGS

equationreducedo theregularity condition(seeFendt,Camenzind Appl 1995),the

boundaryconditionalongthelight surface thatdepend®n the two-dimensionakolu-

tion ¥(x, z). Thelight surfaceiterationloop determinesa boundaryfor the grid that

allows for the definition of a new grid thatis slowly movedto a larger radius. As a

consequencef thedifferentnumericalgrid, thefield distributionwill change Plotting

theresultsis possibleonly after creatingan equidistangrid from the non equidistant
grid of finite elements.

The calculationof the inner solutiontakesa coupleof weeks(with anHPC 100— 99
MHz workstation),becausef the combinationof nonlinear terms,differential rota-
tion andlight surfaceiterationloop. The outersolutionis, on the otherhand,usually
obtainedwithin onehour In orderto savze computationatime a restartprocedureal-
lows to stopthe solutionto verify the resultandrestartit from the lastlight surface

75



76 Appendix

iterationstep.

A fragile numericalcornvergeng processanbe expected.Appropriatenumericalpa-
rametersasgrid size,elementsizeanditerationstepsizearenecessarylin particular
our grid of finite elementsof secondorder may be inadequatdor a calculationof
monotonougradientdetweerthe elementsf the numericalresolutionis too low.

Eachof theisoparametricurvilinearfinite elementof the serendipityclass(Schwarz
1984;Cesaril994)is formedby 8 nodeqgrid points). Thenumericalgrid usedto com-
puteboththeinnerandoutersolutionof the modifiedrelativistic GSequation(2.21)is
discretizedn a setof 128finite elementsaalongthez axisand128alongthe z axis,for
atotal numberof 49665grid points,a goodcompromisebetweercomputationatime,
disk spaceandgrid resolution.In the exampleof Fig. A.1 only half of thegrid points
have beenplottedin orderto make the grid morevisible. The equidistantgrid refer
to theinner solutionof the GS equation(2.21)shavn in Fig. 3.7. Note how the grid
elementdollow thelight surfaceandthe starsurfaceshape.
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FigureA.1: Equidistantgrid exampleof the inner solutionof the GS equation(2.21)
showvnin Fig. 3.7.
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Abstract

Jetsarehighly collimatedflows of matter They arepresenin alarge variety of astrophysical
sourcesyoungstars,stellarmassblack holes(microquasars)jalaxieswith anactive nucleus
(AGN) and presumablyalsointenseflashesof gamma-rays.In particular the jets of micro-
guasarspoweredby accretiondisks, are probablysmall-scaleversionsof the outflows from
AGN.

Besideobsenrationsof astrophysicalet sourcesalsotheoreticabonsiderationkaze shovn
thatmagneticfieldsplay animportantrole in jet formation,acceleratiorandcollimation. Col-
limatedjetsseento be systematicallyassociatedvith the presencef anaccretiondiskaround
astaror acollapsedbiject.If thecentralobjectis a blackhole,the surroundingaccretiondisk
is theonly possiblelocationfor amagnetidield geneation.

We areinterestedn the formationprocessof highly relatvistic jetsasobsered from mi-
croquasarand AGN. We theoreticallyinvestigatethe jet collimation region, whosephysical
dimensionsareextremelytiny evencomparedo radiotelescopespatialresolution. Thus,for
mostof the jet sourcesglobal theoreticaimodelsare, at the moment,the only possibility to
gaininformationaboutthe physicalprocesses theinnermostet region.

For the first time, we determinethe global two-dimensionafield structureof stationary
axisymmetricrelatvistic, stronglymagnetizedforce-free)jets collimatinginto anasymptot-
ically cylindrical jet (taken asboundarycondition)andanchorednto a differentially rotating
accretiondisk. This approachallows for a direct connectionbetweerthe accretiondisk and
the asymptoticcollimatedjet. Therefore,assuminghat the foot pointsof the field lines are
rotatingwith Keplerianspeedwe areableto achieve a directscalingof thejet magnetosphere
in termsof the sizeof the centralobject. We find a closecompatibility betweerthe resultsof
our modelandradioobserationsof the M87 galaxyinnermostet.

We alsocalculatethe X-ray emissionn theenegy range0.2—-10.1keV from amicroquasar
relatvistic jet closeto its sourceof 5 solarmassesin orderto doit, we applythejet flow pa-
rametergdensitiesyelocities temperaturesf ead volumeelementlongthecollimatingjet)
derivedin theliteraturefrom the relatvistic magnetohydrodynamiequationsWe obtainthe-
oreticalthermalX-ray spectraof theinnermosjet ascompositionof the spectrakontrilutions
of the single volume elementsalongthe jet. Sincerelatvistic effects as Doppler shift and
Dopplerboostingdueto the motion of jetstoward us might beimportant,we investigatehowv
the spectraareaffectedby themconsideringdifferentinclinationsof theline of sightto thejet
axis.

Emissionlines of highly ionizediron areclearly visible in our spectraprobablyalsoob-
senedin theGalacticmicroquasar&RS1915+105ndXTE J1748-288TheDopplershift of
theemissiorlinesis alwaysevident. Dueto thechosergeometryof themagnetohydrodynamic
jet, theinnerX-ray emitting partis not yet collimated.Ergo, dependingon the viewing angle,
the Dopplerboostingdoesnot play a majorrole in thetotal spectra.Thisis the first time that
X-ray spectrahave beencalculatedfrom the numericalsolution of a magnetohydrodynamic
jet.



Abstract

Astrophysikalisch&etssind starkkollimierte MateriestomungerhoherGeschwindigkit. Sie
stehenm Zusammenhanqit einerFulle verschiedeneastrophysikalischeDbjektewie jun-
genSternenstellarerschwarzenLochern"Mikro-Quasare”),Galaxiermit aktivemKern(AGN)
und wahrscheinlich auchmit dembeobachtetemtensven Aufblitzen von Gamma-Strahlung
(GammaRayBursts).Insbesonderkatsichgezeigtdasglie Jetsder’Mikro-Quasare’wahrschein-
lich alskleinskaligeVersionderJetsderAGN anzusehesind.

NebendenBeobachtungehabenvor allem auchtheoretischéJberlggungengezeigt,dass
Magnetfelder beiderJetentstehungbeschleunigungnd-kollimation einewichtigeRolle spie-
len. Weiterhin scheinenJetssystematischverkripft zu sein mit dem Vorhandenseireiner
Akkretionsscheibe um daszentraleObjekt. Insbesondergvennein schwarzesLoch denZen-
tralkorperdarstellt,ist die umgebendékkretionsscheibelereinzigmoglicheOrt um Magnet-
feld erzeugen zu konnen.

Wir sind speziellinteressieram Entstehungsprozes®chrelatiistischerJetswie sie bei
Mikro-Quasarerund AGN beobachtetverden. Insbesonderentersuchenvir die Region, in
der der Jetkollimiert, eine Region, derenraumliche Ausdehnungextrem klein ist selbstim
Vemgleichzur AuflosungderRadioteleskpe. Diesist ein Grund,wiesozumheutigerZeitpunkt
fur die meistenQuellendie theoretischéviodellierungdie einzige Modglichkeit darstellt,um
Information Giber die physikalischenProzessen der innerstenRegion der Jetentstehungu
erhalten.

Unsist eszum erstenMal gelungen,die globale zwei-dimensionaleMagnetfeldstruktur
statiorairer axialsymmetrischerelatvistischerund starkmagnetisierte(krafte-freier)Jetszu
berechnendie zum einenasymptotischin einenzylindrischenJetkollimieren, zum anderen
aberin einerdifferential rotierenden Akkretionsscheibereranlert sind. Damit erlaubtdieser
Ansatzeinephysikalisché/erknipfungzwischenAkkretionsscheibeind demasymptotischen
Jet. Nimmt manalsoan, dassdie FuRpunkteder Magnetfeldlinienmit Keplegeschwindigkit
rotieren,so kannman eine direkte Skalierungder Jetmagnetospherreit der GrolRedesZen-
tralobjekteserhalten.UnsereResultatezeigeneine gute Ubereinstimmungwischenunserem
Modell und BeobachtungedesJetsvon M87.

Fur dasBeispieleinesrelatvistischenMikroguasarjethabenwir die Rontgenemissiomm
Bereichvon 0.2—-10.1keV berechnetDafir habernwir in derLiteraturausdenrelativistischen
magnetohydrodynamisen Gleichungenberechneteletgbl3en(Dichte-, Geschwindigkits-,
und Temperaturprofilyerwendetund das Spektrumfir jeden Punktentlangder Jetsttmung
abgeleitet.DastheoretischéhermischeRontgenspektrundesinnerstenheiRenTeils desJets
erhalterwir zusammengesetatisdenspektralerAnteilendereinzelnen/olumenelementent-
lang desJets. Um relatvistischeEffekte wie Dopplenerschielong und -verstirkung("boost-
ing”) aufgrundderJetb&egungzuuntersuchermaberwir firverschiedenenklinationswinlel
desJetszur Sichtlinie berechnetwie die erhaltenerSpektrerdason beeinflusswverden.

UnsereSpektrerzeigendeutlichdie hochionisiertertisen-Emissionslinierdiein dengalak-
tischenMikroquasarerGRS1915+105und XTE J1748-28&ndeutungsweideeobachtetvur-
den.Eine Dopplenerschiebing dieseriinien istin unsererSpektrerdeutlichzu sehenDadie
innerste Rontgenstrahlungmittierenderegion desmagnetohydrodynamisamndetsallerdings
nochunkollimiert ist, spieltDopplerboostingn unsererSpektrenabrangigvom Sichtwinkel,
keinegroReRolle. Mit unsererResultatetkonntezumersterMal ein Rontgenspektrurgevon-
nenwerden dasaufdernumerischeh. dsungeinesmagnetohydrodynamiseh Jetsberuht.
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