
December 16th, 2009 Madison Plasma Dynamo: Jets & Disks - p. 1

Jets & Disks

Observations & Models

John Everett
Departments of Physics & Astronomy

and

Center for Magnetic Self-Organization

University of Wisconsin–Madison



Introduction to AGN Jets &

Disks

How are Jets Launched &

Con�ned?

Jet Propagation and Emission

Mechanisms

Conclusions

December 16th, 2009 Madison Plasma Dynamo: Jets & Disks - p. 2

Talk Overview/Conclusions

n Introduction: Jets occur in a wide variety of systems with
varying parameters. This talk emphasizes jets formed in
accretion around supermassive black holes; these have
proven very dif�cult to constrain, observationally.

n Jet Collimation & Acceleration: Observed collimation on
small scales and acceleration on large scales seems to �t
with the Blandford-Payne mechanism.

n Jet Propagation and Emission: Jet structure (hot spots,
termination shocks, hot-gas cocoons) may be giving us hints
as to jet velocities, the importance of magnetic �elds, and
kinetic luminosities of the jets.



Introduction to AGN Jets &

Disks

l Introduction to Active Galactic

Nuclei
l Evidence of Accretion Disks

l Low-Luminosity Radio Jets

l High-Luminosity Radio Jets

l Microquasar Jets

l Protostellar Bipolar Out�ows

& Disks
l Why Study Jets?

l Why are jets so dif�cult to

understand?

How are Jets Launched &

Con�ned?

Jet Propagation and Emission

Mechanisms

Conclusions

December 16th, 2009 Madison Plasma Dynamo: Jets & Disks - p. 3

Introduction to AGN Jets & Disks



Introduction to AGN Jets &

Disks

l Introduction to Active Galactic

Nuclei
l Evidence of Accretion Disks

l Low-Luminosity Radio Jets

l High-Luminosity Radio Jets

l Microquasar Jets

l Protostellar Bipolar Out�ows

& Disks
l Why Study Jets?

l Why are jets so dif�cult to

understand?

How are Jets Launched &

Con�ned?

Jet Propagation and Emission

Mechanisms

Conclusions

December 16th, 2009 Madison Plasma Dynamo: Jets & Disks - p. 4

Introduction to Active Galactic Nuclei

Antonucci (1984); Urry & Padovani (1995)

There are a variety of Active
Galactic Nuclei, with different
observed quantities depend-
ing on viewing angle.

Accretion disk here may be �
0:01 � 0:1pc in radius; inner-
most stable orbit is � 10� 5 pc.

We see compact jets when
we look down the “throat” of
the jet, and more extended
jets when we observe at a
larger angle to the jet.
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Evidence of Accretion Disks

Herrnstein et al. 1999 (NRAO)
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Low-Luminosity Radio Jets

M87 Madrid et al., 2007
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High-Luminosity Radio Jets

Cygnus A Carilli et al. 1991
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Microquasar Jets

SS 433 Blundell & Bowler, 2004
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Protostellar Bipolar Out�ows & Disks
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Why Study Jets?

n They gives us some evidence of accretion in disks, and help
us understand the accretion process in general.

n They are an important source of feedback.

n Their interaction with the surrounding plasma may tell us
something about that surrounding plasma.
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Why are jets so dif�cult to understand?

There are a variety of reasons why jets have eluded detailed
understanding:
n An immense range of scales (� 10 orders of magnitude).
n Jet emission seems to be almost exclusively non-thermal.
n Relativistic particles need to be re-accelerated within the jet.
n Jets in different systems do appear different!
n Perhaps a complicated structure: high-velocity core (the

“spine”) may be surrounded by a low-velocity “sheath”.
n Other environmental effects (?)
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How are Jets Launched & Con�ned?
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Observational Overview

Observationally, studies consider the morphology, spectra, and
apparent velocity of radio-detected features near the core of
quasars.

I'll address the following questions:
n What is the nature of jet emission?
n How quickly does the jet collimate?
n What are the velocities of jets? How quickly does the plasma

in jet accelerate?
n What is the magnetic �eld topology at small scales? At large

scales?
n Do we have models which are consistent with these

observations?
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Observations: Morphology

On pc scales, jets seem to be dominated by (partially
transparent) synchrotron emission and inverse-Compton
emission. Morphology depends on beaming!

Kellerman et al. 1998
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Observations: Collimation

Collimation seems to occur on small scales, perhaps � 0:1
parsecs, or smaller.

Collimation angles of the jets
seem to be � 55� close to the
launching point, and �< 10�

after collimation.
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Observations: Velocities

We observe jet features in
motion (sometimes appar-
ent superluminal motion),
especially with radio interfer-
ometry.

However, it it absolutely
unclear what these feature
are. Could really be “blobs
of gas”, or pattern speeds,
evolving instabilities...?

Piner, Wehrle, et al.
courtesy
NRAO/NSF/AUI (1998)
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Observations: Velocities

Zensus et al. (1997)
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Observations: Acceleration

We usually de�ne the velocities in terms of the relativistic
factor:

� bulk =
1

q
1 � v2

c2

The observations of these features seem to show acceleration
on roughly parsec scales (perhaps 0:1 � 10pc):
n Close to/At the core, some features have relatively low

velocities of 0.15 to 0.30 c. (Low velocities also constrained
by lack of bulk-Comptonization; Sikora et al. 1995)

n Acceleration from � bulk � 5 to � bulk � 10� 20 on scales of
tens of parsecs. (Unwin et al. 1997; Piner et al. 2003)

n This seems to agree with values from jet/counterjet
brightnesses.

n Some features are stationary!
n � bulk seems to vary transverse to the jet (Laing & Bridle

2004).
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Blandford-Payne Mechanism
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n Gas is centrifugally �ung outwards, like “beads on a wire”
(Blandford & Payne 1982; Spruit 2008).

n Field line must be at < 60� to the disk.
n Helps transfer angular momentum!
n Gas accelerated by thermal pressure, then centrifugally

driven, and then, perhaps, magnetically driven.
n Disk is pressure dominated (� � 1), wind base is

magnetically dominated (� � 1) & force-free
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Blandford-Payne Mechanism

Spruit (2008)
Beyond v = vA , the poloidal magnetic �eld cannot enforce
co-rotation, and the matter inertia winds up the magnetic �e ld
lines. “Hoop stress” (at least partially) acts to collimate.

r B � continues to accelerate �ow to the (modi�ed) fast
magnetosonic point.



Introduction to AGN Jets &

Disks

How are Jets Launched &

Con�ned?

l Observational Overview

l Observations: Morphology

l Observations: Collimation

l Observations: Velocities

l Observations: Acceleration

l Blandford-Payne Mechanism

l Blandford-Znajek Mechanism

l Spine/Sheath Jet Models

l What seeds the B-Field?

l Rotation Measure

Observations
l Open Questions

Jet Propagation and Emission

Mechanisms

Conclusions

December 16th, 2009 Madison Plasma Dynamo: Jets & Disks - p. 22

Blandford-Payne Mechanism

Marscher et al. (2008)
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Blandford-Payne Mechanism
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Blandford-Znajek Mechanism

Black hole can also force ro-
tation of magnetic-�eld lines
within its ergosphere: those
�eld-lines must be anchored
in some external matter.

The forced rotation of a poloidal B-Field sets up a quadrupolar
electric �eld above the event horizon. The vacuum is unstabl e
to pair creation, and resultant currents induce a toroidal
B-Field. This powers a Poynting �ux from the event horizon.

The black hole event horizon is acting somewhat as a unipolar
inductor.

Emax � e� V � 3 � 1020M 1=2
8

J
Jmax

eV
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Spine/Sheath Jet Models

McKinney & Gammie (2004)

Inner Jet :
Poynting-dominated,
relativistic (?);

Outer Jet+Wind :
Matter dominated,
relatively slow.
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What seeds the B-Field?

Many of these models assume some starting magnetic �eld.
n Self-similar models (e.g., Vlahakis & Königl) assume a large

scale-poloidal �eld.
n Simulations start with poloidal loops, and grow the �eld via

the MRI, but do not see large-scale poloidal �eld (e.g.,
Gammie, McKinney).

von Rekowski et al. 2003
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Rotation Measure Observations

Faraday Rotation changes seem to indicate a helical �eld in
the jet, or perhaps in a “screen” outside of the jet.

O'Sullivan & Gabuzda (2009)
Models yield B � 104 Gauss at the disk surface, down to about
0.2 Gauss at r � 1pc.
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Open Questions

n Why are jets launched in some AGN and not in others?
n How is the magnetic �eld generated to “support” jet

launching and collimation?
n How is mass loaded onto the �eld lines? Or, what sets the

mass out�ow rate and kinetic luminosity? And how does a jet
transition from being Poynting-�ux dominated to matter
dominated?

n How does particle acceleration within the jet work?
n Can we use variability in multiple wavebands to try to

constrain the mechanisms?
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Jet Propagation and Emission
Mechanisms
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The BIG Picture

Here's what (it seems to me) people agree on/assume/don't
usually argue about large-scale jets:
n Low-luminosity (FR I) sources dominated by synchrotron

emission, except in the termination shocks, which seem to
have inverse-Compton components

n High-luminosity sources (FR II) aren't �t by synchrotron
alone: perhaps have inverse-Compton, or a different
relativistic electron population

n Usually assume UB � Urel : electrons

n Magnetic �eld strengths of 10� G to 1mG in knots
n Suprathermal electrons (
 � 108) would cool in years; need

to be reaccelerated continuously
n � bulk � 10� 30, at least for quasars
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Large-scale Structure of Jets: Morphology

n Of course, collimated on length scales ranging from
kiloparsecs to over a megaparsec (although some large
implied distances may be model dependent).

n Jets terminate in hotspots that seem well in�ated.
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Steenbrugge et al., in prep.
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Role of Magnetic �elds in hotspots?

These well-in�ated hotspots are taken by some to be evidence
that ordered magnetic �elds are not important on large scale s.

Lind et al. 1989

� = 104

� = 0 :6

But these simulations were ideal, axisymmetric MHD.
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Large-scale Structure of Jets, Cont'd
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Often contain jet knots; the physics of the knots is not
unambiguous & there are probably different kinds of knots.
n standing waves? (Beresnyak, Istomin & Pariev 2003)
n Kelvin-Helmholtz Instability? (Lobanov et al. 2003)
n reverse and forward shocks?
n oblique shocks?
n change in beaming factor?
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Composition

As mentioned previously, we do not see thermal emission from
jets, so observationally we know only about the (uncertain)
suprathermal electron component.

Wilson et al. (2000)
Ito et al. (2008) use the kinetic luminosity implied by the
“cocoon” blown by high-power radio jets, and found thermal
electrons and/or protons are necessary.
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External Pressure Components?

X-ray studies of the external gas suggest that:
n Low-luminosity radio jets seem to be under-pressured

relative to their surroundings: the relativistic-electron
pressure and magnetic-�eld pressure in lobes measured
from inverse-Compton emission fall short of external
pressures.

Croston (2008)
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Instabilities

Kink instabilities have been of greatest concern, but repeated
work has shown jets to be stable to this. Most recently, Carey
et al. (2009) showed that jets are stable for high rotation rates,
stabilized by the Coriolis force within the jet:

Carey et al. (2009)
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Open Questions

n Jet composition (beyond high-energy electrons) is still an
unknown.

n There is no agreement on the physical nature of hot-spots
observed at large distances in jets.

n Continuous particle acceleration (in knots and `continuum')!
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Conclusions
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Talk Overview/Conclusions

n Introduction: Jets occur in a wide variety of systems with
varying parameters. This talk emphasized jets formed in
accretion around supermassive black holes; these have
proven very dif�cult to constrain, observationally.

n Jet Collimation & Acceleration: Observed collimation on
small scales and acceleration on large scales seems to �t
with the Blandford-Payne mechanism.

n Jet Propagation and Emission: Jet structure (hot spots,
termination shocks, hot-gas cocoons) may be giving us hints
as to jet velocities, the importance of magnetic �elds, and
kinetic luminosities of the jets.
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