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Understanding now astrophysical jets are formed is important for understand-
ing the nature and evolution of such phenomena as active galactic nuclei{(AGN)
and quasars, Galactic superluminal X-ray sources, aud young stellar objects. Of
the many models proposed for jet production, the magnetized aceret jon disk model
of Blandford and Payne! is the only one that can o])c.rate inall these regimes and
hasthe potential for gencratingthehighly relativistic flows sceninsome quasars?.
Here wereporton results of detailed time-dependent numerical simulations of this
mechanism and show that the character and speed of the jets produced differ dra-
matically depending on whether magnetic or gravitational forces dominatcinthe
accretion disk corona. This “magnetic switch” was not predicted by steady-state.
self-similar disk models,nor by relativistic wind theory (whichgenerallyignores
the gravitational field). The effect provides a natural explanation, at the black
hole aceretion disk level, for the existence of two known elasses of extragalact ic

radio source (Fanaroft and Riley classes Tand 11) and for the variation of their



properties with radio luminosity. 1t also provides new insight into protostella and
galactic microquasar systeins.

For the past several years we have been studying nuaerically the flows induced it he
coronae of magnetized accretion disks. Our simulations begin with a sit uation sunilar t o the
boundary conditions of Blandford and Pay ne (BP)aud other semi-analytic studics®4 (see ligure
1), butare able to investigate time-dependent arid two-dimensional effects, unlike the steady-
state, self-silnilar models. A useful parameter for measuring the importance of the magnetic
fieldin the corona is the ratio v of the speed of magnetic waves in the gas the Alfvén velocity
(), =8/[4np] 2, where B is the magnetic field strength and p is the gas density)  to the
escape velocity (Vise(r)= [2GM /]2 where M. is the mass of the central star or black hole
and = (R74 Z29Y? is the spherical radii |l coordinate). In our € 0r onace v can be rather large.
ranging from 0.4 to 2.0 in the simulations we report here. These values ave much larger than
those investigated by others who have performed similar nuinerical simulations.”~13

Most of the coronal flows that result inoursimulationsare decidedly jet-like, but the flow
speed and character are strong functions of v. Figure 2 shows two such cases, each with an
initial field polar angle of # = 54°, but with slightly different values of the Al {vén velocity in
the corona. In the low magnetic field case (v =0.4), the flow velocity iuside the jet is of order
the A lfvén speed - Vier = 0.6V, = 1.5V4 (a@s measured at Ro = 7.2r. ). However, if the
Alfvén velocity in tile corona is increased by ounly a factor of three to = 1.2 (figure 2b), the
jet entirely changes character with a flow speed nearly 20 times that escape speed. We have

named these two modes of flow Type 1 and Type 2 jets, respectively, and the transition that

oceurs from one type to the other the “magnetic switch™.



In addition to the simulations in figure 2, we have performied over 50 others with varying
maguetic field strength and polar field angle. Those with B, = 0 in the corona are shown
in figure 3, which shows hat the magnetic switch is even more dramatic han ficure 2 would
indicate, with the jet velocity increasing by as much as 80 times when he Alfvén velocity is
increased by only 40%. The effec has a simple physical uterpretation. When v < { he

left-hand side of figure 3), gravitational forces dominate magnetic forces and the jet st les

to escape the system’s gravity. Ou the right side of the diagram, however, magnetic forces
dominate and the system acts like a particle a:celerator never really aware of the gravity o
the central object

The behavior of the magnetic switch is not a strong function of the polar magnetic field
angle 0;  exists for all angles studied in figure 3 (8° — 83°). u fact, jets still occur for # < 30°

seemingly contrary to the predictions of 3P. The reason is that only in rare cases do the
conditions in the disk corona match directly onto the quasi-steady-state jet solutions far above
the disk. Instead, there is usually a transition region above .he corona where the magnetic
poloidal field and flow vectors undergo dramatic changes in direction, and lhie magnetic field
lines dynamically acquire an angle greater han 30°. Beyond this transition region. he flow is
similar in character to BP’s solutions. Thus, even disks that initially violate P’s condition
for outflow can still forin jets, making MHD jet production au even more robust mechanisin
than previously thought.

Our non-relativistic simulations in figure 3 are applicable o protostellar jets  lowever,

there 1s some uncertainty in choosing he scale radius 7. and velocity Vi, and hence, the radios

If,

Ky = 7.2r. where the magnetic field has a maximum aud much of the acceleration ocer



for a solar star, By & 200887, =1 A/ thenre = 2 x 102cm and V, = 80 kins= 1 ' he ma gnetic

Ufor v < | andseveral

switch then predicts two modes of outflow with a few tens of kin s-"
hundred kms™! for v > 1, which is roughly consistent with observations. Y% 011 the other
hand, if the site of accelerationis near t hie protostar, say Ky =a¥tnauv authors hay e
suggested, then the magnetic switch predicts alow velocity mode of a few hundred kins™'and
a much higher velocity modewith jet velocities of several tho usand kms™* The latter have
not been observed, although a search for such extremnely high velocity flow, particularly in the
body of known protostellar jets, would be useful. We emphasize that if a hot, tenuous corona
(with v > 1) does not form near the protostar, this high velocity flow will not occur. and the
magnetic switch would always be “off”

One class of object in which twomnodes of jet definitely have been obser ved is t he ext ra-
galacticradio sources, which are believed to be formed by disk accretion onto black holes' @,
Some radio source jets are rather slow (Vje, < 0.6c)and dissipate and radiate strongly inthe
radio shortly after leaving the galaxy nucleus (Fanarofl and Riley class | objects™18). On the
other hand, other radio jets are very fast (Lorentz factor vy= [1 — v/ Cﬁ]l/?g 10) and clo
not dissipate or radiate much until they reach large distances from tile galaxy and are stopped
when the flow strikes the intergalactic mediumin astrong shock (FR class 11). FR | jets arc as-
sociated with low power radio sources while FR I1with high power, and the transition from 'R
1 to Ilin radio power is especially sharp if one examines galaxies in asingle optical luminosity
class®
Can our non-relativistic simulations be applied 10 t he extragalactic radio source case where

relativistic flow and black hole acceretion occur? The answer is yes for magnetic field strengths



up to the point where Vi ~ ¢ and, surprisingly, for very high jet speeds (4 >> 1). Relativistic
effec ts import ant here are an terease mass of t he gas due 1o kinetic and magnetic energies
(which lunit its velocity to less than ¢ and increase its weightin the bla ck hole’s gravitational
field) and an electric force perpendicular to the mag netic field lines that affects only 1 heir
augle?®. The velocity termsin the relativistic and non-relativistic flow equiations are very
similar??, involving (Mgas + My, ag)u instead of myg v, whereu=yv. At every point in the
flow we canreplace o with yvand, as long as the mass of the magnetic field m, 0, < M yas
(1..,Va<g c), our lio[l-relativistic simulationscan calculate v to within afactor of twoorso of
the actual Lorentz factor. Field angle effects will also be within a factor of two orlessinthe
tangent as longas Ve < ¢ a we nave investigated arange of a factor of 60in the tangent, and
observe the magnetic switch throughout, only the details of the solutions willbe affected by
the electric force, not our overall conclusions. Finally, theweight of the kinetic and magnetic
energies will affect only the critical value of the magnetic field Berie = (47 p)1/ 2V, . a which
the magnetic switch takes place. The condition will still be v = 1, but we now must usc the
relativistic value of V... = ~vo[2(1 -t V3/)GM /) (for a Schwarzschild black hole where
Yo is the jet flow speed while still affected by the black hole’s gravity) While vuis probably
of order unity, general relativistic MHD siinulations will be necessary to confirm this.

Special relativistic calculations of plasma flow in rotating magnetic ficlds have beenper-
fortned extensively by ma ny authors in the context of pulsar and jet models. The character
and speed of the flow is a function of t he magnetization parameter o = Vi Ao/ (2m 17 ¢ Vig),
m eas ured at the place where the outft ow originates. (Here £y = ¢/Q is the radins of the

light cylinder, Ao the disk surface area over which outflow takes place, and Vi is the injection
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velocity - equivalent to our ujected coronal wind velocity.) The terminal velocity of the flow
ts given by the simple expression yjo Ve /e ~ ", where n lies between 2/3 and 1, depend-

ing on exactly how the flow collimates?2:23. We have plotted these curves in figure 3, with

a on the upper axis, and show that the theory agrees well with our results for YTV:\{{,-M
However, this relation was derived under tile assumption that the gravitational force is neg-
ligible. Current relativistic windtheory, therefore, is notvalidin the region of parameter
space where the magnetic switch occurs, Indeed, we can define a critical value of the magne-
tization (0gp5 = Ve:;CAg/['ZTr Rrj’( ¢ Vip], whicl is of order unity for the black hole case) below
which relativistic wind theory breaks down because gravitational forces become important.
For o < oo (¥ < 1) the jet velocity drops rapidly from the 4 > 10 result of relativistic wind
theory to Vjer & 0.1 - 0.4c.

T'he magnetic switch occurs in velocity only, not 1n total jet power. While the jet velocity
differs dramatically as thestrength of the field is increased through the critical value, we find
that the total jet power varies smoothly withthe square of the magnetic field, as predicted
by Blandford and Payne Pje; & Bj I3 (GM:/Ro)*?. For v < 1, most of the power is in the
advected magnetic field, while for v > 1 the jet carries a significant amount of kinetic power.
Both types of power arc available for accelerating particles and producing synchrotron radio
cmission.

The magnetic switch provides a naturalexplanation for the existence of the FRTand Il
classes of radio source, withthe former being produced by aceretion disks with iy < 1 and t he
latter for v > L. Predicted jet speeds agree wit h observations in each case (V5. < 0.6¢ v,

v ~ 10 or higher). Inaddition, the effect explains why the two classes are associated with low



and high power radio sources, respectively, and why the transition is so sharp: both jet power
and speed are divect functions of the strength of the magnetic field in the disk corona, but the
former is a siooth function while the latter 1s a strong one. Additional results on variation of
the FR 1/FR Il break with galaxy optical luminosity will be reported elsewhere (Meier 1997,
in preparation).

Because the model states that jets insources with FR Imorphology are formed in the nu-
cleus with sub- or trans-relativist ic velocities, it predicts that, statistically, Very Long Baseline
Interferometry observations of FR 1 sources will show primarily low jet velocities (1., < 0.6¢),
while FR 11s should have much faster VILBI jets. A corollary is that the parent objects of most
Bl.Lac sources, whichhavey=2--5, caunot have ¥R I morphology.

Finally, bimodal jet ejection has also been observed inthe galactic microquasars G RO
J1655-40 and  Cygnus zx_":;'[aqgct‘ic switching canalso explatn such behavior, but a detailed
determination 0f the bolometric lutninosity 0f these sources is need ed in order to determine
whether the triggering mechanisii can be a super-Fddington accretion event®® or st be a

sub-Eddington event such as a Cyg nus X-1low/high state transit ion.
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FIGURE 1

Schematic representation of theinitial and boundary conditions for our accretion disk corona
simlations. A dense accretion disk (darkmaterial) orbits a compact object (star or black
hiole) of jnass Me and seale padius 7o, whicli s also our ynt of distance and our mesh spacing.
(We take r.=2x10"%cinand GAL/c? for t he protostar and black hole cases, respectively,
so theradius at which much of the acceleration takes place [}y = 7.27]is - 147 and - 3.6
Schwarzschild radii. See text for more discussion. )  Open magnetic field lines, making an
angle @ with the rotation axis, protrude from the disk and through a much less dense and
more extended corona whose temperature is hotter than the disk but st ill colder than the
(virial) temperature of a halo that permeates the rest of the systemn. The coronal density is
assumned to be ten (10) times ihe asym ptotic halo density; tile disk density is many orders of
magnitude larger than that essentially infinite in our sitnulations. The corona is replenished
continually from below with awind of the same material a a velocity of only 5% of the escape
speed at that point inthedisk (Ve,. = 2 GM/RIM?). Phe sound speed in this wind is only
0.9% of the local escape speed truly cold disk material but, because of shock heating.
the wind velocity is more representative of the eventual coronal sound speed. At their base
tile field lines are poloidal ounly (£3, = 0) aud arc anchored in the dense disk, rotating with
the local Keplerian angular velocity (S =[G Al./It3]~Y/?) but having no appreciable radial
motton. This assunmiption is valid for tine scales snort compared with the accretion drift time
(~ 5 months for a 108AM,5 AGN black hole, ~ 1 second for a 10 M. Galactic black hole, and
~ 2 months for a 1 M, protostar) and w hen the magnetic field is not strong enough to disrupt

the disk itself (V{;”"" << Vige) Standard accretion disk models like the a-model® nat urally
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hiwve alow Alfvén velocity, However, if a low-density corona also exists, Vo there can be much
higher for the same magnetic field line by the ratio (paisk/feorona ). A large number o f
ac't'ret (on disks, therefore, canpossess fairly benignmaguetic fields that are still strong enough
to appreciably affect the dynamics of their coronae (V{77"* > 1,,.}. Our simulatious arc
allowed to evolve fromtheseinitial conditions, using our axisyminetric magnietohyd rodynamic
(MI D) simulat ion code FLOWE. The simulation region is bounded at Z = 0 by the infinitely

thin disk and inflow region for 5. <R < f{,,4r and reflective conditions for O < H <drc:by

the rotation axis at i = O; and by open ("outflow”) boundaries a K = K, o, and Z = Z)), 4.

FIGURE 2

logarithmic gray-scale plots of nagnetic pressure (13%/87) for two MHD disk corona simula-
tions that differ in only one respect: the disk coronal magnetic field strength in b is a factor of
three (3) larger than that ina. The diskin figure 1 lies along the left (7 = O) axis. Both have
afield polar angle of 54°, andwe show bot hwhenthe jet reaches the maximum extent of the
mesh. The simulationin panel a has a ratio of Alfvénto escape velocity of v = O.-1 throughout
the disk corona and is shown after ~ 8.6 disk rotat ion times (as measured at K = Fg). Fven
though the simulation begins with gravitational forces domiinating, thie azimuthal component
of the maguetic field increases in strength clue to differential rotation, recoils upward and is
ableto eject a slow jet with aspeed of 0.6V, (Ho). This is also approximately the propagation
speed Of the jethead through the cxtcrnal“\(‘dium,in(li('uting that the jet is fairly heavy. The
simulation in panel b has v = 1.2 and is displayed at - ‘1.5 votation timnes. This jet is produced

by magneto- centrifugal acceleration, rather than magnetic recoil, but st ill has a significant



cnonghazimuthalfield for collimation. lts tnternal speed is 19V (£p) over 30 thines faster
than the jet in a and ~ 20 times faster than propagation of the jet head, indicating that this

jetis very light (pjer << prado)-

FIGURE 3

Jetspeed as a function of coronalmagnetic field strength and angle for both stellar accretion
disks (lower and left axes) and black hole disks (upper and right axes). The stellar interpte-
tation of our multi-simulation results shiows Ve / Ve vs. maguetic field strengthinterms of
Va(fao)/ Ve, where Vi is the Kepler velocity at 7. ([G‘\[C/I'C]I/Q)A We also show simulation re-
sults from references [12] and [13]. While differing from ours insomerespects, most notablyin
liaving significant gas pressure and non-zero 60 (both of which we have foundtendto increase
the jet velocity), their results still agree roughly with ours inther < 1 region. The different
curves show families with the same polar magnetic field angle 8: A 8°; O 24°,O 35 A
54°; & 68°; ® 83°. For smallangles, the speed and power of the jet dimiuishes at the
expense of a loosely- or un-collimated magnetic wind emanating from alarge part of the disk
outside the jet- production region. T'his wind also displays the magnetic switch effect.

The black hole interpretation showsthe product of the jet velocity andl.orentz factor
(vjetBjet = Vg /[c? - V2J'/%) us. the magnetization parameter at fo = 7.2G A /c* (using
Q = Q. Vio = 0.05V,,., Vi c, and an injection region of Or ~2/y):0 =V} Ve /(P V) ==

223 (3 3), = 0"

11(V4/Ve)?. We also plot the well-known result from relativistic wind theory
for n=2/3andn=1, whicl is valid Only for ¢ > 0criras 11(Veo/e)? = 3.1 for the black liole

case. our simulations agree with relativistic windtheory m this regime to within the factor of



two or so error estimated in the text. For truly general relativistic MDD simulations, the value
of a¢rir, and the curves, will be shifted to the right by a factor of ~ ~o[14(Vese/e)?]? = 1,137,
While 7o could be as high as ¥, it is most likely of order unity {smooth acceleration over a

few o in distance).
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