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AGN Parameters

rGrav
GM/c2 = 1.5 km / MSun = 1.6 x 10-13 Lyrs/MSun
rSchwarzchild
2 rGrav
Smallest stable orbit


Schwarzchild (J=0)
            6  rGrav

Kerr (|J| < M)
(1.3 -   )  rGrav


Mass of Black Hole
106 – 109  MSun 

rGrav
10-7– 10-4 Lyrs

Jet Length
      -  106  Lyrs

Jet Opening Angle
few degrees
Luminosity
1043 – 1046  ergs/sec  (MSunc2=2 x 1054 ergs)

ΓBulk
1 – 20

ΓElectrons
104 – 10?
M87 Elliptical Galaxy

Z=.0044
50 Mlyrs away in the Virgo Cluster
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Two Chandra observations of the giant elliptical galaxy M87 were combined to make this long-exposure image. A central jet is surrounded by nearby bright arcs and dark cavities in the multimillion degree Celsius atmosphere of M87. Much further out, at a distance of about fifty thousand light years from the galaxy's center, faint rings can be seen and two spectacular plumes extend beyond the rings. These features, together with radio observations, are dramatic evidence that repetitive outbursts from the central supermassive black hole have been affecting the entire galaxy for a hundred million years or more. The faint horizontal streaks are instrumental artifacts that occur for bright sources.
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[image: image4.png]Superluminal Motion in the M87 Jet
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NGC 4261
Z=.0074
Composite of ground-based radio and optical images, plus a close-up of the core from the Hubble Space Telescope. Credit: Space Telescope Science Institute.
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Giant Radio Jet from Wrong Kind of Galaxy !!
Z=.067
Composite images showing the galaxy 0313-192, the first spiral galaxy known to be producing a giant radio-emitting jet. At left are a wide view of 0313-192 and its surroundings, as seen with the Advanced Camera for Surveys of the NASA Hubble Space Telescope (HST), in an image made in July 2002. The radio-emitting jet, as seen with the Very Large Array (VLA) at a wavelength of 20 centimeters, is overlaid, in red on the color image. The galaxy is seen edge-on. At right is a close-up of the HST image, with another red overlay from a higher-resolution, 3-centimeter VLA image, showing the inner portion of the jet. The prominent spiral galaxy in the upper right of the large-scale image is not related to 0313-192, nearly a billion light-years from Earth, but is more than 200 million light-years closer. The complex vertical structure of the absorbing dust and the blue star-forming regions past a warp in the dust lane confirm the spiral nature of the galaxy, even though it is seen edge-on.
[image: image6.jpg]Radio Galaxy 0313-192
Hubble Space Telescope ACS WFC = Very Large Array

NASA, NRAO/AUI/NSF and W. Keel (University of Alabama) = STScl-PRC03-04





3C279
Z=.54



This series of VLBI images, with pseudo color intensity coding to make the structures easier to see, follows the quasar or blazar 3C 279 over a three-year period. The prominent outer knots are moving with an apparent speed of 4c, typical for superluminal sources. 

Just what we are seeing here remains unclear. Some objects show twisted paths for the emerging knots, fitting with theoretical expectations that material may move along helical twists (driven by instabilities in the jets and their imbedded magnetic fields). This montage may show some support for this idea, with complex structure changing rapidly between the brightest knots. It is also unclear whether the knots that we see are physical objects, clumps of gas moving together along the jet, or bunchings of material in which the constituent matter constantly changes, as we see in waterfalls and waves. 

These images were provided by Ann Wehrle and Steve Unwin, described in a paper in press in the ApJ by Wehrle et al. They have been rotated by 30 degrees to make the jet horizontal, and vertically displaced according to the date of observation. The observations here were taken from 1991- 1994; more recent regular monitoring has been done with the VLBA. The resolution is about 0.2 milliarcsecond, corresponding to about 2 light-years at this distance. These data were obtained at a frequency of 22 GHz (wavelength 1.3 cm). 

Montage of AGN Radio Lobes 

[image: image8.png]



Generally, the optical counterparts for these radio lobes are very small compared with the extent of the radio lobes. For Fornax A the optical counterpart is about the size of the gap between the two lobes; for the other sources the optical counterparts are even smaller.

 (Blandford, "Epilogue", astro-ph/0110393)

 “The general picture that has emerged is that relativistic electrons are accelerated, mainly at shock fronts, and that they emit synchrotron radiation at low frequency and inverse Compton emission at high frequency, with the former providing the soft photons for the latter in low power sources (Eduardo: wide beams) and the disk ultraviolet emission supplying the soft photons in high power sources (Eduardo: narrow beams).” 
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Does the jet contain protons ?  Probably yes if the MHD acceleration scheme (to be described later) is sucking up plasma from around the disc and pushing it out the coiled magnetic flux tube. 

Seeing neutrinos from jets will decide.
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Energy does not increase without limit because it eventually takes too long to turn the particle around (neglected above) in the Blob magnetic field or the Blob is just not big enough to do it.

How are the Blobs Accelerated?
Some possibilities:

1) Material somehow explodes from close to the BH.


But:


How do you get Γ=20 ?


Why isn’t the explosion isotropic ? Why do jets form ?

How does this help the disc loose angular momentum ? 
2) Radiation pressure from a high temperature core pushes material out.


But:


Power output of photons bound by Eddington limit

LEddington = 1.3 x 1038 (M/MSun)  ergs/sec


Why isn’t this isotropic?  Why do jets form ?


How does this help the disc loose angular momentum ? 

3) Magnetic field lines, trapped in the accretion disk, wind up like a spring and push plasma from both rotation poles. 

Good:

Large magnetic fields are known to be present.


The rotating conducting disc will drag them around.


The rotating field lines will drag around distant, at rest, plasma.



Disc looses angular momentum, permitting the BH to accrete.



Disc looses energy, accelerating the distant plasma.

A curled up spiral of field lines might collimate a long jet.


The spiral of field lines might accelerate plasma over a long distance.


But:


Does it work calculationally?




Make analytic models with simplifying assumptions.



Solve MHD equations with boundary conditions numerically.

I will give some properties of MHD plasma, make plausibility arguments, show the results of some numerical simulations, AND leave the equations to an expert (hopefully Roger Blandford in a future talk).
Magnetohydrodynamics

(= Magnetic Field + Plasma)

The plasma is a neutral soup of protons, positrons, and electrons that has enough temperature to be fully ionized.

MHD Properties:

1) To a good approximation, plasma can not cross magnetic field lines.  Plasma can only flow along them.  The plasma density is ρ, and the velocity of a small volume of it is v. 
B2/8 > ρv2
Magnetic field pressure is greater than plasma pressure and plasma is pushed out along the field lines.
          <
Plasma pressure is greater than the magnetic field pressure and the B field lines are bent back toward the source

2) Parallel B field lines repel each other.  Thus there is a partial pressure perpendicular to the lines.

3) Magnetic field lines do not maintain a curved shape (unless acted on by forces from other B field lines or plasma).  Left alone, magnetic field lines tend to straighten out.  In a coil loop or spiral, the field will try to shrink around its axis to eliminate all but the straight axial component.  This hoop stress is responsible for the “pinch effect” of plasma physics.
[image: image12.jpg]



Fig. 3. Schematic diagram depicting the MHD acceleration and collimation model. Magnetized and rotating inflow toward a compact object (solid arrows) winds the magnetic field lines into a rotating helical coil called a torsional Alfvén wave train (TAWT). Magnetocentrifugal forces expel some of the material along the field lines and magnetic pressure and pinching forces (short open arrows) further lift and collimate it into a jet outflow (long open arrows). 
This plasma acceleration mechanism is expected to be at work on all size objects:

Neutron stars

Micro-quasars (~10 MSun Black Holes)

Gamma Ray Bursts 
AGNs

[image: image13.jpg]



Fig. 2. A three-dimensional 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, respectively), and the magnetic lines of force (metallic tubes). The initially axisymmetric, rotating jet has developed a helical-kink instability that distorts its shape. The plasma flow still follows the 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]


Pulsar
Pre-super nova collapse
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Accretion Disk
Black Hole drags space
Fig. 4. Schematic diagrams of four astrophysical scenarios in which differential rotation of a magnetic field might generate relativistic jet outflow. Color is used to aid in identification of the field lines. (A) The dipole field of a heavily accreting, rapidly rotating pulsar can be swept back by the accreting matter as close as a few tens of kilometers from the stellar surface. Some of this material will be ejected in a jet at the local escape speed. (B) A slowly rotating pre-supernova white dwarf or dense stellar core will collapse to a rapidly rotating proto-neutron star. Even an initially uniform axial field will be drawn inward and wound into a tight co`il, ejecting some of the dense core material. The jet may have sufficient power to alter the shape of the supernova ejecta or even drive the explosion on its own. (C) The poloidal magnetic field protruding from an accretion disk orbiting a compact object will fling disk coronal material outward in a wind. Conservation of angular momentum will slow the wind's rotation and, if the outflow is dense enough, sweep back and coil the field lines. (D) Near a rotating black hole, the space itself rotates differentially. This dragging of inertial frames is particularly strong inside a radius about twice that of the hole--the ergosphere--where material must rotate with the hole. Here only the twisting of vertical field lines is shown, but as the plasma accretes toward the black hole, these lines will be drawn inward, creating a structure similar to that in (B) or (C).
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Fig. 6. Two fully general relativistic simulations of jet production by accretion disks around black holes. Each begins with an axial field. Plots are meridional cuts, with length units in Schwarzschild radii (2Rg), and show the plasma density in blue-white color, poloidal velocity vectors with white arrows, and a poloidal magnetic field as solid white lines. (A) A nonrotating, Schwarzschild hole with a moderately strongly magnetized Keplerian disk whose rotation drives an MHD jet at the escape speed (~0.4c) [from (28)]. (In this simulation, a gas-pressure-driven outflow also is ejected from a radius interior to the last stable orbit at a somewhat higher speed.) (B) A rotating Kerr hole (j = 0.95) (in the lower left corner) with a nonrotating disk [from (30)]. Preliminary analysis indicates that the dragging of inertial frames drives the jet from a region just outside the ergosphere at R ~ 1rS to 2rS (2Rg to 4Rg) at the escape speed of ~0.93c ([image: image16.png]
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34Fig. 7. An accretion disk wind in a steady state [from () and similar to results in (33)]. The central object is at (0, 0), and the infinitely thin disk is along Z = 0. Arrows indicate velocity vectors. Lines anchored in the disk and arching upward are contours of magnetic flux; the dashed curve indicates the surface above which the strength of the azimuthal (B[image: image19.png]


) component of the twisting magnetic field exceeds the poloidal field strength [Bp = (BR2 + BZ2)1/2]; and the three labeled curves show surfaces where the poloidal velocity achieves the escape velocity, the poloidal Alfvén velocity (determined by the poloidal field alone), and the total Alfvén velocity. Any transient properties of the flow have disappeared, leaving a slowly accelerating bipolar wind that collimates from opening angles of ~40° to 50° to only a few degrees over many tens of inner disk radii. Such a picture is qualitatively and, perhaps, quantitatively similar to the wide opening angles observed in M87 in the inner core (Fig. 1). [Figure courtesy of R. Krasnopolsky]
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Fig. 8. Illustration of an efficient high MHD power jet, with LMHD = 1.5Lcrit [from (54)]. The diagram shows the strength of the magnetic pressure (B2/8[image: image21.png]


) at a model time of ~10 inner disk rotation times, with red indicating the strongest pressure and blue indicating the weakest. Acceleration occurs much faster than the dynamical rate. The flow reaches a quasi-steady state quickly, with a tightly collimated jet above the escape speed. Although more powerful, the jet delivers its thrust in a narrow solid angle, affecting the surrounding ambient material much less than the slower, broad outflow in Fig. 7.
What Can GLAST Measurements of AGNs Contribute ?
1) GLAST will measure the gamma energy slope and flux from many jets.  The fraction of AGNs for which we see gamma rays implies the angular size of the jets.  Will hard spectrum jets be narrower than soft spectrum jets as expected ?
2) The energy spectrum of jets versus distance to the AGN will measure the density of ambient IR and optical light in the early universe.
3)  Multiwavelength comparisons radio – optical – xray – gamma ray will further elucidate the composition of the AGN jet and the acceleration mechanism.
http://www.aoc.nrao.edu/vlba/html/GALLERY/3c120JG.html
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Hot spot at end of Jet








