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ABSTRACT

The powerful narrow jets observed to emanate from many compact accreting objects may arise from the
twisting of a magnetic field threading a differentially rotating accretion disk that acts to extract magnetically the
angular momentum and energy from the disk. Two main regimes have been discussed, hydromagnetic outflows,
which have a significant mass flux and which have the energy and angular momentum carried by both the matter
and the electromagnetic field, and Poynting outflows, in which the mass flux is negligible and the energy and
angular momentum are carried predominantly by the el ectromagnetic field. Recent simulation studies have focused
amost exclusively on hydromagnetic outflows. Here we consider a Keplerian disk initially threaded by a dipole-
like poloidal magnetic field. We present the first MHD simulation results establishing that a quasi-stationary
collimated Poynting jet arises from the inner part of the disk while a steady uncollimated hydromagnetic outflow

arises in the outer part of the disk.

Subject headings: accretion, accretion disks— black hole physics— magnetic fields— MHD — plasmas

1. INTRODUCTION

Powerful, highly collimated, oppositely directed jets are ob-
served in active galaxies and quasars (see, e.g., Bridle & Eilek
1984), and in old compact stars in binaries (Mirabel & Rod-
riguez 1994; Eikenberry et a. 1998). Furthermore, emission-
line jets are seen in young stellar objects (Mundt 1985; Bilhrke,
Mundt, & Ray 1988). Different ideas and models have been
put forward to explain astrophysical jets (see reviews by Be-
gelman, Blandford, & Rees 1984, Bisnovatyi-Kogan 1993, and
Lovelace, Ustyugova, & Koldoba 1999).

An ordered magnetic field is widely thought to have an es-
sential rolein jet formation from arotating accretion disk. Two
main regimes have been considered in theoretical models, the
hydromagnetic regime, in which the energy and angular mo-
mentum are carried by both the electromagnetic field and the
kinetic flux of matter, and the Poynting regime, in which the
energy and angular momentum outflows from the disk are car-
ried predominantly by the electromagnetic field. The hydro-
magnetic outflows arise when the inclination of an ordered
magnetic field away from the z-axis 6 at the disk surface is
larger than ~30°; under this condition, the centrifugal force
along a field line extending out of a Keplerian disk can be of
the order of the gravitational force that results in the easy
outflow of matter from the disk surface (Blandford & Payne
1982). On the other hand, when 6 < 30°, matter outflow from
the disk may be strongly suppressed by thevertical gravitational
force, and a Poynting jet can occur (Lovelace 1976; Blandford
1976). The jets from young stellar objects have large mass
outflow rates that may be understood in terms of hydromagnetic
outflows (Pudritz & Norman 1986; Konigl & Ruden 1993). On
the other hand, extragal actic jets and the jets from microquasars
can be interpreted in terms of Poynting jets (Blandford 1993;
Romanova & Lovelace 1997; Lovelace et al. 1999).

Recent progress in understanding the origin of hydromag-
netic jets has come from MHD simulations of outflows from
disks (Bell 1994; Ustyugova et al. 1995, 1999; Koldoba et al.
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1995; Romanova et a. 1997, 1998; Meier et a. 1997; Ouyed
& Pudritz 1997; Krasnopolsky, Li, & Blandford 1999; Koide
et al. 2000). Stationary Poynting flux—dominated outflowswere
found by Romanova et al. (1998) in a study of the opening of
magnetic loops threading a Keplerian disk. Theoretical studies
have developed detailed models for Poynting jets from accre-
tion disks (Lovelace, Wang, & Sulkanen 1987; Colgate & Li
2000; Lynden-Bell 1996; Romanova & Lovelace 1997; Lev-
inson 1998; H. Li, R. V. E. Lovelace, J. M. Finn, & S. A.
Colgate 2000, in preparation).

The goal of this Letter is to investigate the Poynting jets
numerically. We envision that the inner part of the disk is
threaded by a magnetic field loop configuration that extends
into a high-temperature disk corona. The differential rotation
of the loop footpoints on the disk causes the loop to expand
and open, thus creating a new field structure (Newman, New-
man, & Lovelace 1992) and Poynting outflows (Romanova et
al. 1998). The timescale for opening of the loop is of the order
of the disk rotation period, which is much shorter than both
the accretion timescale and the timescale for radia slippage of
field linesin the disk (Lovelace, Newman, & Romanova 1997).
Compared with Romanova et a. (1998), we consider a dipole-
like magnetic field threading the disk and a much larger com-
putational region that allows us to study the outflow collima
tion. We find that a quasi-stationary collimated Poynting jet
arises from the inner part of the disk and that a steady uncol-
limated hydromagnetic outflow arises from the outer disk. In
§ 2 we describe the simulations, in 83 the results, and in 84
we discuss the results.

2. MHD SIMULATIONS

We solve the full system of MHD equations for axisym-
metric, nonrelativistic, ideal magnetohydrodynamic flows, in-
cluding all three components of the flow velocity » and mag-
netic field B and the gravitational acceleration of the central
object (see, eg., Ustyugova et a. 1999). The plasma equation
of state isp = const p” with v = 5/3. The disk is treated as
a boundary condition, as first proposed by Ustyugova et a.
(1995).

The magnetic field is B = B, + B,é, with B, = Bf + B2
in cylindrical coordinates. Because V-B = 0, B = V X A,
where A is the vector potential. Consequently, B, = —(1/r) x
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0¥/oz, and B, = (Ur)o¥/or, where ¥(r,z) = rA,(r,2). The
Y(r,z) = const lines label the poloidal field lines; i.e.,
(B-V)¥ = (B,-V)¥ = 0. The magnetic flux through a hor-
izontal circular disk of radiusr is 2z ¥ (r, 2).

The initial magnetic field threading the disk and extending
into the disk’s corona is assumed to have a dipole-like form,
as shown in the bottom left-hand panel of Figure 1. Such a
field can arise from a disk dynamo that is driven by star-disk
collisions, asdiscussed by V. Pariev, J. M. Finn, & S. A. Colgate
(2000, in preparation), or it can arise from an interstellar mag-
netic field that is advected inward by the accretion flow. On
the surface of the disk, we take ¥(r,z = 0) = (3/2)*? x
(r/ry)2¥,.. (N[5 + (r/r,)?] %2 wherer, isthe radius of the O-
point of the initial magnetic field where the flux function has
its maximum value V¥, .. The function f(r) = 1—(r —
Io) (R, — To)? is introduced so that the flux coming out of
the disk for 0<r <r, goes back into the disk for r,<r <
Riac 1€ Y(Ria, 0) = ¥(0,0) = 0. The magnetic field at the
center of the disk is B,(0,0) = 63¥, . /r2 The initial
¥(r,z>0) is caculated by solving A*¥ = 0 [with A" =
0%lor? — (Ur)olor + 0%/9z7] by successive over-relaxation,
with boundary conditions ¥(r, 0) as given and ¥(R,.., 2 =
Y(r, Z.) = ¥(0,2 = 0.

We measure distances in units of the O-point radius r,, ¥
in units of its value at (r,, 0), i.e., ¥, and the magnetic field
strength in units of ¥, /rZ. The computational region, r =
0to Ry z=0to Z,,,, is taken to have R, = Z,x =
10r,. We use a 100 x 100 inhomogeneous grid with Ar, and
Az, growing with the distances of r and z geometricaly as
Ar = Ar,gq’ and Az, = Azq*, with q = 103 and Ar, =
Az, = 0.05r,,.

Initidly, the corona of the disk is in isothermal equilibrium
without rotation. At t = 0, the disk starts to rotate with a
Keplerian velocity v,(r,0) = r,, where @, = (GM)"?/(r* +
r.2)*4, where the smoothing length r. = 0.2r, is interpreted as
theinner radius of the disk. The smoothed gravitational potentia
is —GM/(r.2 + r?)¥2,

On the disk surface, we adopt a modification of the boundary
conditions of Ustyugova et a. (1999). Two of the boundary
conditions are the result of the tangential electric field (E’), in
the frame rotating with the disk (at the Keplerian velocity)
equaling zero; B, at the disk surface is time-independent,
whereas B, and B, at the surface vary with time.* At the disk
surface, these two conditions give v, = «B, and v, = rQ, +
kB,, where k = v,/B,. Two further boundary conditions fix the
entropy of the plasma coming out of the disk to be s,(r) and
the density of the outflowing plasma to be py(r). If v, a the
disk surface, calculated by solving the MHD equations in the
computational region, increases to the point where it is larger
than the slow magnetosonic speed in the z-direction at thedisk’s
surface c,,,,, then we clamp it to be equal to c..,,. Thiscondition
represents a limit on the mass efflux pv, from the disk. For a
sub-slow magnetosonic outflow from the disk (v, < cq,,), we
have four boundary conditions, whereas when v, = c,,, we
have five boundary conditions.

On the outer boundaries, we take the “free” boundary con-
ditions oF/on = 0 on all scalar variables, except for the to-
roidal magnetic field. For this field component, we take

4 The statement in the first paragraph of § 3.3 of Romanova et al. (1998)
that the poloidal components of the magnetic field at the disk surface
(B,, B, are fixed is a misstatement. The correct statement is that the B, com-
ponent at the disk surface is fixed, while the B, and B, components are allowed
to change.
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Fic. 1.—Time evolution of dipole-like field threading the disk from the
initial configuration t = 0 (bottom panels) to the fina quasi-stationary state
t = 1.2t,,, where t,, is the rotation period of the disk at the outer radius
R, Of the simulation region. The left-hand panels show the poloidal field
lines that are the same as ¥(r, 2 = const lines; ¥ is normalized by ¥, and
the spacing between the lines is 0.1. The middle panels show the poloidal
velocity vectors v,. The right-hand panels show the constant lines of
—rBy(r, 2 >0 in units of ¥, /r,, and the spacing between the lines is 0.1.

[B,-V(rB,)] = 0 on the outer boundaries, which was shown
by Ustyugova et a. (1999) to avoid artificial collimation that
can come from using the “free” boundary condition on rB,,.
These conditions allow the matter and the Poynting flux to flow
out freely through these boundaries.

3. RESULTS

For the case we discuss in detail, the strength of the poloi-
dal magnetic field at the inner radius of the disk corre-
sponds to (va,/vy ) = 16.5 and (c /vy ) = 1, where v, =
|B,|/ (4mp)¥?. The subscript i indicates the evaluation at the
inner radius of the disk r = r, on the disk surface, where
r, = 6GM/c*~ 8.9 x 10" cm (M/10® M) (for a Schwarz-
schild black hole). In the midplane of the disk, (v,,/vy),—o IS
less than or much less than unity. Different radial profiles of
¢, on the disk surface have been used with similar results,
including c./v, = const and ¢, = const; the density profiles
on the disk surface have been obtained as in Ustyugova et al.
(1999). At r, v, = 0.73 x 10 cm s, and the disk rotation
period at 1, is t = 2ar /v, = 0.89 days(M/10° My). The
period of rotation of the disk at the outer radius of the simu-
lation region t,, is a factor (R, /r;)*%2%* ~ 200 longer than
t for r, = 0.2r, and R, = 10r,,.

Figure 1 shows the temporal evolution—from the bottom to
the top—of theinitial dipole-like field. The differential rotation
of the disk acts to twist the magnetic field, and this “pumps’
the toroidal magnetic flux and energy into the disk corona, and
the field loops “inflate.” This behavior of the magnetic field
loops on the surface of the Sun, which isthe result of footpoint
twisting, is well known from the works of Aly (1984) and
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FiG. 2—Energy fluxes—Poynting F, ., thermal F,, and kinetic F.—through
the top boundary z = Z,,, (top) and through the side boundary r = R,
(bottom) as a function of time measured in units of the rotation period of the
disk t,, at the outer radius of the simulation region R,,,. The scales for the
two panels are the same but arbitrary. The top panel describes the Poynting
jet that, for long times, has an electromagnetic energy flux c[d’r(E x
B),/4w that is =16.5 times that carried by the matter. In this ideal MHD flow,
E + v X B/c = 0. The ratio of the total power flow in the Poynting jet to that
in the hydromagnetic outflow is ~6.5. The ratio of the mass flux out the side
boundary to that out the top is ~13.

0

Sturrock (1991) on force-free magnetic fields. A plot of the
forces adong afield line that originates in the inner part of the
disk and goes into the Poynting jet shows that the pressure
force is dominant for distances <r, from the disk, while at
larger distances, the magnetic force is dominant.

For long times t = t,, the corona evolves into a quasi-
stationary configuration consisting of (1) an axial-collimated
Poynting jet, with a steady outflow of energy and of toroidal
flux originating from the disk field lines within the O-point,
and (2) a steady fan-shaped, matter-dominated outflow origi-
nating from the disk field lines outside the O-point. At the outer
boundaries, the flow vel ocities are larger than the escape speed;
the flow velocity of the Poynting jet is less than the Alfvén
speed, while that of the hydromagnetic outflow is greater than
the Alfvén speed. We have verified that the flow and field
configurations found here are independent of the location of
the outer boundaries by calculations with larger (R s, Zmax)-
Figure 2 shows the different contributions to the energy fluxes
through the top and side boundaries.

The Poynting jet carries a net axia current [negative for
B,(r <y, 0) > Q]. This current flows into the disk, radially out-
ward within the disk, outward in the hydromagnetic outflow, and
forms a closed path at a large distance from the disk. Figure 3
shows the radia profiles of B, B,, and rB, = (2/c)l(r) across
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Fic. 3.—Top: Radid profiles of the field components of the Poynting jet at
z = Z /2 and tit,, = 1.2. (The plot has been stopped at r = 4 so as to make
the field profiles within the jet visible. For r >4, rB, = const and B, = 0.)
Bottom: Numerically derived dependence of rB, on ¥, with ¥ in units of
¥, o I inunitsof ry, the O-point radius, and Bin unitsof ¥,.../r2. The azimuthal
angle of a field line ¢ for r <r, is given by d¢/dz= —const/r(¥) in that
B,~ —B, ocr'? and ¥ oc r¥. To a good approximation, the Poynting jet for
z>0 is force-free with 3 x B = 0 (Gold & Hoyle 1960) so that the flux
function ¥ obeys the Grad-Shafranov equation A*¥ = —H(dH/d¥), where
H(¥) = rB,(r, 2 (H. Li, R. V. E. Lovelace, J. M. Finn, & S. A. Colgate 2000,
in preparation).

thejet in the quasi-stationary state, wherel,(r) istheaxia current
within the radius r. The B, component acts to expand the jet
redially, while B, acts to confine it. The radial-force balance
acrossthejet 9(B?)/ar + (Ur?)a(r?B?)/or = Oisaccurately sat-
isfied by these field profiles. The increase of B, and B, with
decreasing r reflects the increase of the twist of the field lines
around the z-axis, and this results from the increase of Q,(r).
The angle between the poloidal field and the z-axis 6 islessthan
30° over mogt of the inner disk (r <r,) surface. At the same
time, the toroidal field of the jet actsto anticollimate or “squash”
the outflow from the outer disk (r >r,) onto the disk surface,
and 6 > 60° over most of this range of r.

Quasi-stationary Poynting jets from the two sides of the disk
within r, give an energy outflow per unit radius of the disk
dEg/dr = rv,(—B,B,),, where the subscript h indicates the
evaluation at the top surface of the disk. This outflow is
~1o AEg/dr ~ 0, (1o)(Ymax/To)* ~ 10 (ergs s7%) rgis (M) x
[B,(0)/6 kG]? where r,,; is in units of 10 cm and M; is in
units of 10° M. This formula agrees approximately with the
values derived from the simulations. The jets also give an out-
flow of angular momentum from the disk that causes disk ac-
cretion (without viscosity) at the rate of Mg(r) = —27Xv, =
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—2(r’hv¢)(B,B,), ~ 2% 2, /[rév, (ro)], where E isthe disk’s sur-
face mass density (Lovelace et al. 1997). The Poynting jet has
a net axia momentum flux of P, = 7 [rdr(B?— B2 ~
0.5(¥,.../ro)? which acts to drive the jet outward through an
external medium. Furthermore, the Poynting jet generates to-
roidal magnetic flux at the rate &, ~ —12[v, (ro)/ro] ¥max (H- Li,
R. V. E. Lovelace, J. M. Finn, & S. A. Colgate 2000, in
preparation).

4. DISCUSSION

The Poynting jet is quasi-stationary and approximately force-
free so that particles are not directly accelerated in its E- and
B-fields. In a more complete picture, the jet is time-dependent:
it hasa“front” consisting of internal and external shockswhere
it pushes through the interstellar medium or pushes into the
magnetic field remaining from a prior jet outburst (Romanova
& Lovelace 1997; Levinson 1998). Front propagation through
a homogeneous external medium is naturally focused toward
the axis because of the falloff of the jet’s magnetic pressure
with radius (which is due to the faloff of the poloida and
toroidal magnetic fields with r). Particle acceleration in the
shocks or in field reconnection events at a propagating front
makes the jet visible and may explain the outbursts of blazars
(Romanova & Lovelace 1997; Levinson 1998; Romanova
1999).

Furthermore, for long timescales, the Poynting jet is time-
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dependent because of the angular momentum it extracts from
the inner disk (r <ry). This loss of angular momentum leads
to a“globa magnetic instability” and the collapse of the inner
disk (Lovelace et a. 1997). An approximate model of this
collapse can be made if the inner disk mass M, is concentrated
near the O-point radius r,(t), if the field-line slippage through
the disk is negligible (Lovelace et a. 1997), ¥, = const,
and if (—1B,)max ~ ¥max/To(t) (as found here). Then M, dr,/dt
= —2¥2 (GMr,) *2 If t denotes the time at which
ro(t) = r, (the inner radius of the disk), then r,(t) = r[1 —
(t — t) /1?3 fort <t, wheret,,, = (GM)*2 M r.¥%(3¥2,) is
the timescale for the collapse of the inner disk. [Note that the
timescale for r, to decrease by a factor of 2 is ~t,(r,/r,)*? >
t for ro>r.] The power output to the Poynting jets is
E(t) = (2/3)(AEtot/tcoll)[1 - (t - I:i)/1:coll:|75/:“’! where AE(OI =
GMM,/2r, is the total energy of the outburst. Roughly, t., ~
2 daysMZ(My/M)(6 x 10% G cm?/¥,,)? for a Schwarz-
schild black hole, where the validity of the analysis requires
that t.,, > t,. Theinfluence of the kink instability on the Poynt-
ing jet remains to be investigated.
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Note added in proof.—At the JENAM 2000 meeting in Moscow, 2000 June, Dr. J. Heyvaerts presented anal ytic resultsindicating
the simultaneous formation of a collimated axial jet and an uncollimated outflow.



