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One of the leading fields in astrophysics currently under investigation today is the jet.  For the purposes of this paper, a jet will be defined as “collimated ejecta that has an opening angle <15 degrees,” (Mirabel 1999).  Jet-like features have been observed throughout the cosmos dating back to Curtis in 1918 who observed the first optical jet emanating from the elliptical galaxy M87 in the Virgo cluster (Mirabel 1999).  Recently, jets have been observed coming from within the Milky Way galaxy in certain binary stellar systems.  These observations have led to a theoretical idea that the central engine mechanism responsible for creating jets in small scale, stellar-sized systems might in fact be the same mechanism responsible for jets observed in distant galaxies: some of the galaxies with observed relativistic jet outflows have been named quasars (quasi-stellar radio sources).  The leading contender for this central mechanism is a black hole.  It is important to mention here that some of the smaller scale stellar-sized systems are believed to have either a black hole or neutron star in the core of the system.  If a binary system has a neutron star in its core then the jets produced tend not to be relativistic.  However, if the central engine happens to be a black hole then the jets are usually relativistic and these systems are termed “classical microquasars,” (Meier 2003).  It is believed that the physics governing a system dominated by a black hole, or in some cases neutron star, is esentially the same (Mirabel 2004).  The size of the black hole is what separates the binary stellar system from the quasar system.  The size of a black hole needed to produce a jet in the heart of a quasar is believed to be supermassive, on the order of 105 to 1010 solar masses, while the size of a black hole required to produce a small scale stellar-sized system is believed to be on the order of a couple of solar masses.  The scaling laws are such that if the lengths, masses, accretion rates, and luminosities are expressed in units such as the gravitational radius (Rg = 2GM/c2), the solar mass, and the Eddington luminosity, then the same physical laws apply to stellar-mass and supermassive black holes (Mirabel 2004).  Because of the close relationship between the quasar systems observed and the binary stellar systems observed, the latter have been given the name microquasar.  A microquasar is defined herein as a binary black hole/neutron star X-ray source that possesses a jet (Meier 2003).  Microquasars and the theoretical approach attempting to explain the existence of relativistic jets within these systems is the topic under scrutiny in this paper.  
The framework upon which this study will be conducted is as follows.  First, I will begin with a brief historical prologue of the microquasar leading into the dominant model of a microquasar currently accepted today.  Next, we continue by dissecting the dominant theoretical model into its component parts: the compact object involved, be it a black hole or a neutron star, the disk of accreting matter surrounding the compact object, and finally, the jet emanating from the center of the system.  Once the dominant theory has been presented, one model attempting to identify theoretical ideas of how relativistic speeds are attained within the microquasar jets will be assessed.  The paper will conclude with a summary and end with future research still needed to fill in the missing pieces of this remarkable area of astrophysics.

To begin the historical overview of microquasars, it is necessary to mention the binary class known as X-ray binaries from which microquasars have been identified.  There are approximately 280 X-ray binary systems known today (Massi 2004).  In 1979 the very first microquasar, SS433, was observed at radio frequencies by Margon (Massi 2004).  At the time, SS433 was a unique object that mimicked the phenomena seen in the more distant quasars but was found within the Milky Way galaxy.  This observation prompted the search for other objects with similar characteristics.  Suddenly, X-ray binary systems were being examined at various freqencies, particularly those in the radio frequency range using high resolution radio interferometric techniques like the VLBI (Massi 2004).  Sure enough, such techniques revealed direct evidence of collimated jets coming from X-ray binary systems within the Milky Way galaxy.  These jets seemed to show characteristics similar to those found on the large scale counterparts known as radio-loud active galactic nuclei (AGN); quasars comprise part of this category.  Due to this relationship, these jets have given cause for a similar subcategory and are currently also known as radio-loud X-ray sources in addition to being termed microquasars (Massi 2004).  
As of December 2004, out of the 280 X-ray binary systems, 18 microquasars have been identified within the Milky Way galaxy (Massi 2004).  The following is a table listing the 18 microquasars.  The microquasars in red are the only two coincident with high energy gamma-ray sources. The following table comes from page 6 of Introduction to Astrophysics of Microquasars, by Maria Massi (Massi 2004).  The two microquasars GX339-4 and XTEJ1118+480 are unresolved radio sources with a flat spectrum that give indirect evidence for continuous ejection (Massi 2004).
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These objects combined with the previous knowledge of quasars led to the current model as follows.  A spinning dense, compact object of a few solar masses gains matter from a companion star in one of two ways.  The first way is if the companion star is a low mass star (a K or M type dwarf believed to have been captured by the compact object after its formation) which is close enough to have filled its Roche lobe and which forms the accretion disk around the compact object, which produces collimated relativistic ejecta called jets.  A second way is if the companion star happens to be a relatively young O or B type star that survived the formation of the dense companion and donates matter through its powerful stellar wind.  The schematic below identifies the major components of a low mass star companion microquasar including the donor star, accretion disk, and jets.  This is the standard model currently accepted throughout the astrophysical community.  The next section will dissect each of these components in order to better understand how these jets come to exist.
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(Massi 2004)

The most important component above needed to understand how jets form is the compact object in the heart of the system.  The black hole or neutron star is responsible for running the entire show as the following quote explains:  
For a black hole of mass M the density and mean temperature in the accretion flow scale with M-1 and M-1/4, respectively.  For a given critical accretion rate, the bolometric luminosity and length of relativistic jets are proportional to the mass of the black hole.  The maximum magnetic field at a given radius in a radiation dominated accretion disk scales with M-1/2 ... (Mirabel 2004).  
Simply put, the mass of the black hole or neutron star is the central engine of the entire system.  This makes accurate determination of the mass of the black hole in the microquasar critical to understanding the physics occurring within the system.  Fortunately, all of these dense, compact objects are in binary systems!  The method for determining the individual component masses of binary systems has been in use for over 100 years.  This method consists of obtaining radial velocity curves by detecting the Doppler shift of spectral lines of the companion donor star as it orbits around the compact object in the microquasar system.  Since the compact object is too small to detect with direct methods, only the companion Doppler shifted lines are observable and the compact object is said to be “invisible”.  These Doppler shifts provide a mass function for the two objects within the system:  
[image: image3.emf] (Massi 2004).
Here, Porb is the orbital period of the system, Kc is the velocity amplitude of the companion star, G is the gravitational constant, Mx is the mass of the compact object, M is the mass of the companion star, and i is the orbital inclination angle (Massi 2004).  This mass function provides a lower mass limit of the compact object by setting M = 0 and i equal to 90o, the maximum angle of inclination.  If, however, i and M can be determined then Mx can be found with relative accuracy.  Once the mass of the compact object is constrained, the foundation has been laid for the rest of the system.

The next component of the microquasar that will be examined is the accretion disk formed from matter stolen from the companion star and fed to the black hole or neutron star.  The most important aspect of the accretion disk in determining the formation of the jet is the rate of accretion onto the compact object.  As mentioned previously, there are two different scenarios in which accretion disks are formed:  one, the companion star is a low mass K or M type dwarf; and two, the companion star is an O or B type star.  The first scenario is observed most frequently in the cores of globular clusters and in the Galactic bulge where stellar populations are dense which leads to an increased probability of the capture theory working.  In these situations, the low mass stars have filled their Roche lobes and matter passes through the inner Langrangian point and onto the compact object in a much more efficient fashion than the second scenario of a large O or B type companion star accreting matter through stellar wind, as a star will lose matter through stellar winds in all directions at once (Massi 2004).  For the purposes of this paper, from here on, only the case for the low mass stellar companion accreting onto a black hole will be considered.  The rate of accretion produced by the small M, K type dwarfs is limited by the Eddington luminosity as follows:

If the force generated in the accretion disk by radiation pressure exceeds the gravitational force of the compact object a further accretion of gas ceases. The expression for that luminosity limit, the Eddington luminosity, is 
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Although this Eddington luminosity limits the accretion rate, the actual rate of accretion is calculated as follows:

[image: image5.emf](Massi 2004).
Here, ρwind is the density of the stellar wind, Mx is the mass of the black hole and νrel depends on the velocity of the orbit (νorb) and the velocity of the stellar wind (νwind).
 
Besides the rate of accretion, angular momentum must be accounted for and conserved as matter spirals inward toward the compact object.  As matter leaves the donor star, it carries with it some angular momentum from the orbital motion of the binary system, preventing it from falling directly into the accretor (Massi 2004).  This angular momentum combined with the mass of the black hole forces the material within a certain radius.  Viscosity allows matter within the disk to redistribute itself; some of the matter uses the angular momentum and spreads outward while other matter spirals inward creating a flattened disk out of the initial ring of matter (Massi 2004).  Eventually, matter spirals inward until it reaches the last stable orbit called the “inner radius” of the accretion disk (Rin) (Massi 2004).  For a non-rotating black hole, this inner radius is roughly 3 times the Schwarzschild radius (rs) (Massi 2004).  
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The viscosity, in addition to transportation of angular momentum, also acts as a frictional force resulting in the dissipation of heat (Massi 2004).  The amount of friction is proportional to the speed at which the gas orbits the black hole (Massi 2004).  The maximum temperature is reached at the inner disk and is defined as 
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This temperature and mass relation shows how for a 1 solar mass black hole, matter around the inner radius is heated up to tens of millions of degrees Kelvin which causes emission predominantly in the X-ray band.  This is how X-ray binaries first received their title.  Some models of accretion disks incorporate a physical phenomenon called a corona.  A corona is hot relativistic plasma around the black hole (Bosch-Ramon, et.al. 2005).  Coronas seem to be most important in producing jets when in the presence of magnetic field lines, which are expected to be present.  
Magnetic fields are critical to the formation of jets and unfortunately happen to be a part of this puzzle that is not very well understood.  Computer simulations are the best approach thus far in modeling the dynamics of magnetic fields within rotating disks.  The following diagram depicts one of these computer simulations demonstrating how magnetic field lines, anchored to the accretion disk, become twisted and distorted by the overpowering plasma pressure emanating from within the disk.  
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The field lines wind up and become entangled which increases their strength until the field becomes stronger than the gas pressure at the surface of the accretion disk where the density is relatively low (Massi 2004).  It is at this point that the material begins to follow the magnetic field lines and a jet is born (Massi 2004).  A more detailed physical account of this process follows with the description of the magnetohydrodynamic jet production model.  Microquasar jets have been observed as having relativistic speeds.  This phenomenon is believed to be true for all microquasars for at least part of the time in the jet’s life cycle (Meier 2003).  There are several varying explanations for the observed relativistic speeds of microquasar jets.  The next portion of this study, however, focuses on one theory that seems to be the leader currently in the literature attempting to explain the observed relativistic speeds within microquasar jets.

This theory applies the principles of magnetohydrodynamic (MHD) jet production.  This mechanism utilizes a magnetic field that is anchored in a rotating object, either the accretion disk or the spacetime of the black hole itself, and extends to large distances where the rotational speed of the field is considerably slower (Meier 2003).  The MHD assumption provides conditions of high conductivity allowing the Lorentz force (J x B, where J is the angular momentum and B is the magnetic field strength) to act upon the plasma trapped by the magnetic field lines causing this force to split into two vector components: a magnetic pressure gradient (-VB2/8π) and a magnetic tension (B * VB/4π) (Meier 2003).  A strong toroidal component is achieved from differential rotation between the inner and outer regions of the disk which causes the magnetic field lines to wind up (Meier 2003).  “The magnetic pressure gradient up the rotation axis accelerates plasma up and out of the system while the magnetic tension or “hoop” stress pinches and collimates the outflow into a jet along the rotation axis,” (Meier 2003).  The previously shown snapshot of the computer simulation demonstrates this process.  This theory so far has not explained the relativistic speeds observed in microquasars.  However, the authors of this model claim to have found that when the MHD luminosity of the jet exceeds a critical value Lcrit = Eescape/τfree-fall , where E is the escape energy and τ is the free-fall timescale, then rapid acceleration of the plasma can take place (Meier 2003).  The author explains the repercussions when this luminosity is exceeded:
In this case, magnetic forces will exceed gravitational and centrifugal forces and the field will dynamically pinch the plasma above the rotator.  Angular momentum conservation will cause this pinched material to spin very rapidly, and if this material then re-connects to the rotator below, strong shear in the re-connected region will create an even stronger toroidal magnetic field that rapidly accelerates and collimates the outflow. (Meier 2003)
This will create a jet that has speeds possibly significantly greater than the escape speed and also highly-collimated within a few Rin, as defined previously, and this process is called the “magnetic switch” since it sets in abruptly when the luminosity of the jet exceeds that of the critical luminosity (Meier 2003).  BUT, how are relativistic speeds achieved?  Unfortunately, it is unlikely that this magnetic switch is enough to accelerate matter to relativistic speeds.  In order for relativistic speeds to be achieved, a relativistic Alfven speed is needed such that:
ГA = VA/c = B / (4πρc2)1/2 >> 1 (Meier 2003)
Since the effective mass density of any magnetic field carried with the flow is given by ρm ~ B┴2/8πc2 then, once substituted into the above equation, the Alfven speed will never be much greater than unity provided B┴ ~ B, where B┴ is the component of the field that is perpendicular to the jet flow vector (Meier 2003).  If the magnetic field lines are kept extremely straight so that B┴ << B, then the acceleration of the plasma can reach speeds where Гjet > ГA (Meier 2003).  However, no numerical simulations of such “Poynting-flux-dominated” models of these relativistic jets have been performed, at least not before 2003 (Meier 2003).

This search for a solid understanding of relativistic jet formation continues throughout the astrophysical community.  Microquasars are believed to hold many clues to mysteries such as undetermined gamma-ray sources from within our Galaxy, the formation of relativistic jets in quasars as well as microquasars, and the fundamental nature of black hole and neutron star formation.  Microquasars are more easily observed than quasars being that they are within close proximity to us and happen to reside in binary systems, making mass determination also more accurate.  These objects will be the topic of intense study in the future as technologies and understanding improve.  All current models suffer from a number of drastic approximations and contain many geometrical and physical parameters which make any accurate quantitative comparison extremely difficult (Nobili 2003).  One major problem is that the accelerating mechanism is still unknown (Nobili 2003).  One suggestion as a possible solution would be to consider second order effects, among which time lag measurements can be accounted (Nobili 2003).  The microquasar area of research will bring forth new light to our understanding of the workings of the universe and will provide evidence to our unwavering quest for knowledge.
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