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Magnetohydrodynamic Production of

Relativistic Jets

David L. Meier,* Shinji Koide,? Yutaka Uchida3®

A number of astronomical systems have been discovered that generate
collimated flows of plasma with velocities close to the speed of light. In all
cases, the central object is probably a neutron star or black hole and is
either accreting material from other stars or is in the initial violent stages
of formation. Supercomputer simulations of the production of relativistic
jets have been based on a magnetohydrodynamic model, in which differ-
ential rotation in the system creates a magnetic coil that simultaneously
expels and pinches some of the infalling material. The model may explain
the basic features of observed jets, including their speed and amount of
collimation, and some of the details in the behavior and statistics of

different jet-producing sources.

A jet is a tightly collimated stream of fluid, gas,
or plasma. It typically carries kinetic and inter-
nal energy and linear momentum, and if it is set
spinning about its direction of motion by some
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means, it can carry angular momentum as well.
A relativistic jet is one whose speed approaches
the universally constant speed of light ¢ =
299,792.5 km s~ !. At such velocities, Ein-
stein’s theory of relativity becomes important.
The kinetic energy of motion (and possibly the
internal thermal and magnetic energy as well)
adds mass to the jet, equal to E,, . /c?, making
it more difficult to accelerate. Also, as seen by
viewers at rest, time slows down in the moving
jet material, and any light or radio emission
from the jet tends to be radiated in the direction
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of flow, not isotropically, as would be the case
if the flow velocity were subrelativistic. Be-
cause ¢ is a maximum speed limit and because
conditions become more extreme as it is ap-
proached, the Lorentz factor

F_( v2>71/2
= l_?

is often used to characterize the speed, rather
than the velocity v. For example, I' = 10
describes a flow at 99.5% of ¢, with each
particle in the jet having a mass 10 times as
much as it has when it is at rest.

For analyzing observations of relativistic
jets, the Doppler factor

p=[r{1-Zamo)]

is an equally important parameter; 6 is the angle
between the jet flow direction and the observ-
er’s line of sight. For low-speed jets with v <<
¢, this reduces to the familiar nonrelativistic
Doppler factor D =~ 1 + (v/ic) cos 6 that is
responsible, for example, for the slight frequen-
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2
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cy shift of spectral lines in binary stars as they
approach or recede. The relativistic Doppler
factor describes both the time dilation effect,
which is present even when the jet motion is
perpendicular to the line of sight (6 = 7/2), and
the effects of Doppler boosting and focusing. A
jet emitting at a single spectral color, for exam-
ple, would appear to be emitting at a frequency
D times higher and into a solid angle D? times
smaller—a combined factor of D? times bright-
er if moving toward us. If moving away (6 >
/2), the jet would be fainter, because D would
be <I.

Relativistic Astrophysical Jets

Relativistic jets are common in the astrophys-
ical environment. Objects known or suspect-
ed to produce them include the following.

Radio galaxies and quasars. The extraga-
lactic radio sources produce by far the largest
and most energetic jets in the universe, al-
though they do not produce the fastest ones
nor those with the highest instantaneous pow-
ers. The measured speeds of extragalactic
radio jets range from 0.l1¢ to I' =~ 20 and
perhaps higher (7). The less luminous ones
appear as giant elliptical radio galaxies (Fig.
1), and the most luminous appear as radio
quasars, generating up to 10%® erg s~ ! or
more of power. Often, the twin jets are point-
ed at a large angle to our line of sight, allow-
ing the full extent of the radio source pow-
ered by the jet—up to a few megaparsecs in
size—to be seen. In a few sources, however,
one of the jets points nearly directly toward
Earth and the other points nearly directly
away. The approaching jet therefore appears
to be substantially Doppler brightened, and
the receding one may be so Doppler dimmed
that it is difficult or impossible to detect.

The plasma in these jets contains high-
energy electrons, trapped in a magnetic field,
that emit primarily radio synchrotron radia-
tion, but are detectable in optical synchrotron
if the source is close enough. Discovered a
century ago, the jet in the galaxy Messier 87
(M87) (Fig. 1), for example, has shown mo-
tion with a Lorentz factor of up to ~6 and is
pointed at 6 < 19° to our line of sight (2). At
the center of M87 lies a supermassive black
hole, ~3 X 10° M, (solar masses) in size (3),
that is thought to be the heart of the engine
responsible for generating the jet. Black holes
of 10° to 10' M, are, in fact, thought to
power nearly all types of active galactic nu-
clei (AGN), including radio galaxies, radio
quasars, radio quiet quasars, and Seyfert gal-
axies. Why some of these objects appear to
have produced jets nearly continuously for
tens of millions of years or longer, whereas
others have been jet-quiet for an equally long
time, is one of the major scientific questions
in this field.

Microquasars. Although the supermas-
sive quasars lie at the centers of galaxies and
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are fed by ambient stars and gas that collect
there and accrete into the black hole, there
also are much lower mass versions of these,
scattered about the Milky Way Galaxy and
fed by the stripping of atmospheric layers
from a single companion star. A few of these
binary x-ray sources, called microquasars,
produce jets (4). There are two basic types of
microquasar: one whose central engine is
powered by a black hole of ~10 M and one
that is powered by an even lower mass object,
a neutron star of only ~1.4 M. In the latter
case, the jets can be moderately relativistic,
0.26¢ for the twin-jet star SS 433, for exam-
ple (5). In the black hole cases, the jet speeds
reach I' ~ 2.5 (0.92¢). So far, a microquasar
with a Lorentz factor of 10 to 20 has not been
seen. This just may be due to small-number
statistics: the number of high-I" microquasars
in our Galaxy may be small already, and it is
unlikely that Earth lies within the small-emis-
sion solid angle of any one of these. Because
the time scale for events to happen near
accreting black holes is directly proportional
to the mass of the hole, microquasars offer
the possibility of watching a quasar-like ob-
ject evolve through many stages of its life in
a few years or decades rather than waiting the
millions of years necessary for the extraga-
lactic objects to change.

Supernovae. There is now evidence that
supernovae, especially those that are not sur-
rounded by a large red giant envelope, ex-
plode in a decidedly aspherical manner (6).
Theoretical and observational studies point to

the possibility that the asymmetry could be
caused by the ejection of twin jets from the
central core of the supernova as it collapses to
form a hot neutron star (7). The speed of such
a jet would be about the escape speed from
the proto—neutron star (0.25¢ to 0.6¢). Even
if only a small fraction of the core were
ejected in the jet (e.g., ~1%), it would have
enough kinetic energy to substantially alter
the structure of the expanding supernova
shell, if not in fact to provide much of the
observed explosive power of 10°! to 10°2
ergs in a few seconds of time.

Gamma-ray bursts. Gamma-ray bursts
(GRBs) provide perhaps the most extreme
example of relativistic flow that may be a jet,
exhibiting speeds of I' ~ 100 or more. Al-
though GRBs may be associated with super-
novae in some cases, they are a million times
rarer than classical supernova events (8). If
only those events are observed that are within
an angle & ~ ['"! of our line of sight, then
there could be 10* more events Doppler
boosted in directions other than ours, bring-
ing the GRB rate to within a factor of 100 or
so of the supernova rate and their derived
explosive energies down to ~10°2 to 10>
ergs, about the same as that of powerful
supernovae. The high Lorentz factors and
energies are consistent with the catastrophic
formation of a stellar mass black hole of ~10
M, with ~1% going into a jet outflow. This
could be the extreme example of the jet-
producing supernova discussed above, in
which instead of halting at the neutron star

Fig. 1. The jet in the galaxy M87 displays most of the important features of relativistic jets. The
approaching northwest jet is Doppler boosted, whereas the southeast one is virtually undetectable
because it radiates away from Earth. The lobes, consisting of decelerated jet material, radiate
isotropically, and therefore both are visible. The full extent of the source projected on the sky in
this image is ~80 arc sec or 6 kpc. Because the source is at an angle of <19° to our line of sight,
its deprojected length must be at least 20 kpc. Deep in the core (inset), the jet shows an initial wide
opening angle (60°) that decreases with distance from the core. This indicates that the acceleration
and collimation region may be resolved. The length of the jet emission in the inset is ~0.001 arc
sec or 16,000 astronomical units, which is only ~250 times the Schwarzschild radius of the central
3 X 10° M, black hole. [Images were made with the National Radio Astronomy Observatory's Very
Large Array and Very Long Baseline Array and are courtesy of J. Biretta and W. Junor; reprinted by
permission from Nature (37) copyright (1999) Macmillan Magazines Ltd.]
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stage, the collapse continues to the black hole
stage, producing an even faster jet in the
process. Other scenarios, such as the merger
of two neutron stars, could trigger a similar
event.

In all observed cases of relativistic jets,
the central object is compact, either a neutron
star or black hole, and is accreting matter and
angular momentum. In addition, in most sys-
tems there is direct or indirect evidence that
magnetic fields are present (detected in the
synchrotron radiation in galactic and extraga-
lactic radio sources or inferred in collapsing
supernovae cores from the association of
remnants with radio pulsars). This combina-
tion of magnetic fields and rotation may be
responsible for the observed relativistic jets.

Basic Physics of
Magnetohydrodynamic Acceleration
and Collimation

Although several different methods of pro-
ducing and collimating jets have been pro-
posed, the leading model is the magnetohy-
drodynamic (MHD) model. It potentially can
account for jet collimation and acceleration to
relativistic velocities while operating within
the gravitational collapse and/or accretion
paradigms for jet-producing sources. In addi-
tion, the model suggests a trigger mechanism
for some GRBs, a way of producing the most
powerful quasar jets observed as well as the
difference between radio loud and radio quiet
quasars, and an explanation for the detailed
changes that occur in microquasar jets as
their accretion disks change their structure.
The flow of a magnetized plasma is most
generally described by kinetic theory, general
relativity, and Maxwell’s equations for the

Fig. 2. A three-dimen-
sional simulation of
the propagation of a
magnetized jet, which
depicts most of the
properties of the MHD
model. The diagram
shows flow velocity
(arrows), the plasma
density field (color,
with white and blue
indicating high and
low pressure, respec-
tively), and the mag-
netic lines of force
(metallic tubes). The
initially axisymmetric,
rotating jet has devel-
oped a helical-kink in-
stability that distorts
its shape. The plasma
flow still follows the
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electromagnetic field. However, many of its
features are captured by making two simpli-
fying assumptions: The plasma particles act
like a fluid and the conductivity is so high in
the plasma that electric fields generated by
free charges are shorted out. Both of these
assumptions (which describe the astrophysi-
cal plasmas of interest) give rise to the field
of study of ideal magnetohydrodynamics. Al-
though the equations are still complex in
nature, the differences between regular fluid
flow and ideal MHD flow can be understood
from the following discussion and from Fig.
2, which shows a three-dimensional MHD jet
propagation simulation (9). Under these as-
sumptions, the magnetic field lines thread the
plasma and are tied to it (frozen in). These
field lines have three important properties.
First, to a good approximation, plasma cannot
cross the field lines; it can only flow parallel
to them. If the field is strong (i.e., if the
hydrodynamic pressure of the plasma pv? is
less than the magnetic pressure B?/81, where
p is the plasma mass density, v is its velocity,
and B is the magnetic field strength) and if it
is anchored in a rotating star or disk, then any
plasma trapped in the field will be flung
centrifugally outward along the field lines.
On the other hand, if the field is weak or the
plasma is dense, then the rotating field will be
bent backward in a sweeping spiral. Second,
parallel magnetic field lines tend to repel
each other. This produces a partial pressure
on the plasma perpendicular to the field lines,
but not parallel to them, due solely to the
field. A weak field can be strengthened by
bringing together many weak parallel lines of
force to produce the equivalent of a few
strong ones. Thus, compression perpendicu-

field lines. Such an instability may explain the wiggles observed in some parsec-scale radio jets. The
super—Alfvénic jet terminates in a strong shock wave at right, as it propagates into a region with
decreasing Alfvén velocity. High-energy particles accelerated in the rotating magnetic twists, and
especially in the compressed field behind the bow shock, will emit synchrotron radiation. This shock
therefore may correspond to the hot spot often seen at the end of jets in many radio sources.

[Courtesy of M. Nakamura]
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lar to the field lines or toroidal coiling around
an axis for many turns can enhance the field,
increasing its pressure and energy density.
Third, magnetic field lines do not maintain a
curved shape unless they are acted on by
forces from the plasma or other field lines.
Left alone, they tend to straighten like
springy wires. If coiled in a hoop or spiral,
the field will try to shrink around its axis to
eliminate all but the straight axial component
of the field. This hoop stress is responsible
for the well-known pinch effect of plasma
physics and for the collimation of relativistic
jets.

To accelerate and collimate a jet with
magnetic fields, all that is needed is a gravi-
tating body to collect the material to be eject-
ed, a poloidal magnetic field threading that
material, and some differential rotation (Fig.
3). The differential rotation produces a mag-
netic field helix about the rotation axis. This
rotating field coil then drives the plasma
trapped in it initially upward and outward
along the field lines as they try to uncoil. As
this twist propagates outward, the toroidal
field pinches the plasma toward the rotation
axis. Depending on the relative importance of
the magnetic field, plasma density, and rota-
tion, a variety of results are possible, such as
a broad uncollimated wind, a slowly colli-
mating bipolar outflow, and a highly colli-
mated jet.

The physics of jet production can be an-

Fig. 3. Schematic diagram depicting the MHD
acceleration and collimation model. Magne-
tized and rotating inflow toward a compact
object (solid arrows) winds the magnetic field
lines into a rotating helical coil called a torsion-
al Alfvén wave train (TAWT). Magnetocentrifu-
gal forces expel some of the material along the
field lines and magnetic pressure and pinching
forces (short open arrows) further lift and col-
limate it into a jet outflow (long open arrows).
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