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The jets in microquasars have a number of properties in common with relativistic jets in radio-
loud active galactic nuclei (AGN). Blazar jets are easier to observe, which allows us to follow
changes in the structure, continuum spectrum, and polarization and to use these variations to
survey the jets and deduce their physical properties. I review some basic characteristics of
blazar jets in order to facilitate comparison with X-ray binary systems (XRBs). The Lorentz
factor of the flow can be as high as ~45, but in most objects is less than 5. An observed inverse
relationship between Lorentz factor and intrinsic opening angle can be explained if the flow
accelerates and collimates over an extended region. Superluminal knots are well explained by
shock waves propagating down the jet. The magnetic field is turbulent downstream of the “true”
core, which probably coincides with the end of the acceleration/collimation zone. The magnetic
field in the latter should have a well-ordered tight helical geometry, but this may only be
apparent at short mm and submm wavelengths I report on X-ray and radio timing observations
of two blazar-like radio galaxies, 3C 120 (Fanaroff-Riley type 1) and 3C 111 (FR 2). In both
objects, minima in the X-ray light curves precede the appearance of bright knots moving down
the radio jet as seen in sequences of Very Long Baseline Array (VLBA) images. While not as
dramatic as the state changes in the X-ray emission from microquasars, the radio galaxy
observations demonstrate that, as in XRBs, there is an intimate connection between X-ray
production in the corona (which may be the base of the jet) and energy injected into the jet flow.
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1. Introduction

The discovery [32] that X-ray binary (XRB) systems possess relativistic jets has led to a
quantum leap in our ability to explore the mechanisms by which accreting black holes and
neutron stars produce highly collimated outflows with velocities close to the speed of light c.
The distinct X-ray states and the well-defined differences in jet flow properties demonstrate that
the jet is intimately connected with the central engine.

Microquasars are ideal for studying the central engine, but it is not so easy to gather all the
data needed to define the physical properties of the jets. This is because of moderate flux levels
and variability so rapid that the jet structure varies during the time that the Earth’s rotation
allows an array to sample the full range of interferometric u,v spatial frequencies needed to
make a high dynamic-range image. In AGN, the central engines of Seyfert galaxies generate the
X-ray emission but the jets tend to be weak and not particularly relativistic. In blazars, emission
from the jets dominates essentially the entire electromagnetic spectrum, so we can probe the jets
using observations of the time-variable images (with VLBI), flux, and polarization. This proves
to be a complex enterprise, since we need to observe a blazar regularly over many frequencies
and then take Doppler beaming and other relativistic effects into account when interpreting the
observations.

Fortunately, there are a few radio galaxies that combine the advantages of Seyferts and
blazars. These have jet-dominated emission at cm and mm wavelengths while the uv and X-ray
emission is generated mainly by the central engine. Along with my collaborators, I have been
monitoring two such radio galaxies, 3C 120 and 3C 111. Here I report on what we have learned
thus far about these AGN. First, however, I summarize the properties of relativistic AGN jets

inferred from observations of the more extreme blazars.

2. Physical Characteristics of Blazar Jets

2.1 Kinematic Parameters

The derivation of the physical parameters of a relativistic jet requires knowledge of the
effects of relativistic beaming and light-travel delays. That is, we need to know the Doppler
beaming factor 6, Lorentz factor I', and angle between the velocity vector and the line of sight
6. The synchrotron flux density is amplified by 6°** (8**“ if the emission is in a stationary
feature through which the jet plasma flows), where —a. is the slope of the log flux density vs. log
frequency spectrum. Furthermore, a feature (e.g., a shock front) moving down the jet passes a
distance I"'dfct over observer’s time ¢, where f is the speed of the feature divided by the speed
of light. Observed frequencies are a factor ¢ higher than those emitted in the proper frame of the
emitting plasma. The actual opening angle of the jet is tanf times smaller than the observed
value projected on the sky.

Until recently, we could not determine accurately the values of I, §, and 6 separately. The

standard method (used, e.g., by [20], who discuss its inaccuracy) has been to measure the
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apparent speed of a bright knot, B,,= 1 fsin6 , from sequences of VLBI images, and to

—Pcos O
assume that the viewing angle 6 is the value that maximizes B,,p, 6 = sin”(I'™"). In this case, 0 =
I' = B.pp. But population statistics of relativistically beamed sources (e.g., [24]) indicate that the
flux limited samples from which most radio-loud AGN have been selected favor smaller
viewing angles such that 6 > I" and 6 > B,,p. [23] estimate the value of 6 independently of Sy,
by first determining the “variability brightness temperature” 7., under the assumption that the
source size equals the speed of light multiplied by the timescale of variability of the 37 or 22
GHz light curve. The Doppler factor required to bring 7., down to some theoretical value in the
source frame, 7', is then calculated and adopted. The problem with this method is that there are
at least two values of T’ that one might adopt. The first is very rough, ~10'* K, above which the
luminosity from inverse Compton emission exceeds that from synchrotron radiation [21]. The
second, which is better specified — several times 10'° K — corresponds to equipartition of the
energy density in magnetic field with that in relativistic electrons [35]. However, [10] have
found that superluminal knots tend to have brightness temperatures that significantly exceed the
equipartition value, suggesting that the knots are probably shock waves within which much of
the energy goes into particle acceleration.

[16] have developed a technique for determining I, 6, and 6 that is more precise and not so
strongly dependent on assumptions. The method is based on the measurement of the rate of
decline of the flux density of an individual knot as measured in sequences of 43 GHz VLBA
images (see Fig. 1). If the flux decrease is modulated by light-travel delays across the emission
region, then the timescale of flux decrease, t,,, is related to the size of the region and the

aD
ety (1+2)°
model fitting the VLBI data, D is the luminosity distance, and z is the redshift. Use of this
equation requires that the radiative energy losses of the relativistic electrons dominate over

Doppler factor is given by 0 = where a is the angular diameter as measured from

expansion cooling. This is generally true at 43 GHz: [16] found that the decrease in flux density
is substantially faster than would be the case if cooling from the observed expansion of a knot
were the cause. (This makes sense: the intrinsic opening angles of the jets are very small, so
lateral expansion occurs only gradually as a knot propagates downstream.) At lower frequencies
expansion cooling probably dominates in many cases (see, e.g., [12]). The extent of a knot
along the line of sight direction — which determines the light-crossing time delay — is assumed
to be about the same as the transverse size measured from the VLBI data. This might not work
if a knot is thin, as in the shock model of [26] at high frequencies owing to strong energy losses
of the highest energy electrons, and observed transversely to its face. However, at 43 GHz the
radiative zone is likely to be only a bit thinner than the full extent of the shocked region since
the electrons have intermediate energies and thus can travel fairly far from the shock front
before radiating most of their energy. Furthermore, lines of sight directly transverse to a shock
front occur with low probability. For other line-of-sight directions, relativistic aberration rotates
the shock so that it is seen at a large angle — edge-on if 8 ~ sin(I' ") — and the line-of-sight

dimension is about the same as the transverse extent.
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Figure 1: Measurement of the timescale #,, of the decrease in flux density of a superluminal knot
observed in sequences of VLBA images of the quasar 3C 279 (data from [16]). The flux densities are
derived from modeling the jet by multiple discrete components and comparing the visibilities of the
model with the actual VLBA interferometric visibility data. The VLBA data are corrected for antenna
gain variations, sky opacity, and atmospheric phase delays.

Although the bulk motion of the emitting plasma may not be the same as the motion of the
centroid of the knot as measured on the VLBI images, if the knot is a shock wave the difference
is not large. If the plasma has an ultrarelativistic equation of state, the velocity of the plasma
relative to the shock front is ¢/3. In this case the Lorentz factor of the plasma in the observer's

frame is T =1.06T o0 (I = Bepoek /3) - For example, if I'ghoek = 20 then I'piasma = 14 and the

plasma
centroid of the knot moves at a Lorentz factor between these two values, about 17. I'yjaema 1S
even closer to ok if the protons are not highly relativistic, in which case the plasma velocity
relative to the shock front < ¢/3. Thus, the approximation that I'pasma = Icentroia 18 accurate for
extreme blazars with I' > 10 that are the subjects of most in-depth studies.

The derived Doppler factor gives one relation between I' and 6, 6 =[T'(1- 8 cos O], where

=11-T"2 . Measurement of the apparent speed B.,, in the same knot gives a second relation
PP p pp g
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(see formula a few paragraphs above). Together, the two equations provide independent values
of I" and 6, thus determining the kinematic parameters of the jet.

[16] have applied this method to 15 AGN observed ~ bi-monthly over a three-year period. The
derived Doppler factors of some extreme blazars (e.g., 3C 279; [18]) are much higher than
previously inferred from apparent velocities alone, which is comforting. The highest measured
robustly (using polarization to identify the knots on time sequences of images) ~ 45¢ in the
quasar PKS 1510-089 (see Fig. 2). Comparison of Doppler factors derived from the above

method with minimum values of I' needed to explain the superluminal apparent speed,
[, =+1+8 ip , demonstrates that the latter are 0.72+0.15 times [, as expected according to

population statistics of relativistically beamed sources [24] to within the uncertainties. The
method therefore appears to be quite robust, an indication that the approximations and
assumptions lead to only minor differences between the derived and actual values of I'.
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Figure 2. Total intensity (left) and polarized intensity (right; lengths of sticks indicate fractional
polarization and orientations correspond to the electric field vector directions) images of the quasar PKS
1510-089. Knot B, identified by its polarization angle, moves away from the core (4) at ~ 2 milliarcsec

yr~', or about 45¢ for a Hubble constant of 71 km s~ Mpc™.



Relativistic Jets in AGN Alan P. Marscher

Application of the method to 3C 273, whose jet is often rather broad as projected on the
sky, yields a higher Lorentz factor (I'=13) for knots that travel along a southern route that is
different for the northern features (I'=8). In fact, in 2002-2005 a pair of knots appeared
alongside each other across the width of the jet, each moving with a different apparent speed
[37]. Velocity shear represented by this cross-jet gradient can explain why there is a modest
ordered component to the magnetic field parallel to the jet in this and many other quasars [36].

2.2 Population Statistics of Jet Lorentz Factors

The fastest AGN jets are found in y-ray bright blazars ([19],[20],[34]). In a VLBA survey
of about 60% of the EGRET-detected sources identified as blazars, [19] reported apparent
velocities as high as ~ 45¢ in PKS 1510-089, confirmed by [16] and by the data shown in
Figure 2. But a typical radio-loud AGN is not so fast. Apparent velocities in radio galaxy jets
with wide viewing angles are typically 0.2-0.8c. Our impression of typical Lorentz factors is
influenced by the high-I" blazars that overpopulate any centimeter-wave survey of bright, flat-
spectrum sources because of beaming bias. A volume-limited sample of radio-loud AGN would
be dominated by objects with more mundane jets. In a population synthesis study, [24] used
realistic luminosity functions to show that the majority of compact extragalactic radio sources
have jets with low Lorentz factors. If the Lorentz factor distribution of the population is a power
law, N(I) «IT"“, a value of a between 1.5 and 1.75 provides a good match between the synthetic
and observed distribution of apparent velocities. If the Lorentz factors of the population ranges
from [pin ~ 1.2 to [ax ~ 45, then the allowed range for @ means that between 83 and 88% of

compact jets have Lorentz factors < 10 and 44-47% have I < 3.

23 Jet Opening Angles

Given the knowledge of the viewing angle of the jet (i.e., € for knots moving parallel to
the axis), we can determine the actual opening angle . [16] have done this for the 15 AGN they
studied, finding that the opening angle is inversely proportional to the flow Lorentz factor. This
makes sense if the jet is accelerated and collimated over an extended region [38], which
probably corresponds to the span between the central engine and the core of the jet at the
frequency where the self-absorption spectral turnover occurs, ~1 to 3 mm ([14],[1]). Since the
jet becomes ever more collimated as I' increases, the extended acceleration picture
approximately reproduces the relation y o« I'™'. This explains why the apparent opening angles,
which are roughly the true opening angle 9 divided by tan 6, do not correlate with I, since both

Y and tan 6 are inversely proportional to T'.

24 Shock Waves as the Paradigm for Moving Knots and the Radio Core

The most popular model for the superluminal knots in AGN involves shock waves
propagating down the jet (e.g., [26],[12]). The linear polarization has the characteristics of a a
shock wave compressing a turbulent ambient magnetic field ([11],[17]). This is indicated by the
relatively low fractional polarization. If we approximate the turbulence as N cells of
independent, randomly  oriented  magnetic  fields, the polarization  without
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compression p~0.7/4/N and it fluctuates at a level of o(p)= 0.7/A2N = p/42 [2]. The
compression increases p and reduces o(p) by an amount that depends on the level of
compression and angle between the (aberrated) line of sight and shock plane [13]. [11] points
out that the compression needed is small for most knots — typically ~ 20% — so that the shocks
are fairly weak.

What appears as the core on VLBI images is either the point where the optical depth
becomes of order unity at the wavelength of observation or a standing shock. Probably it is the
former in some AGN and the latter in others. Evidence for shocks comes from seeing stationary
features downstream of the core in many compact jets ([19],[]16]) — which indicates that
standing shocks are common — and from the polarization in some cores at 43 GHz matching the
expectations of standing conical shocks ([3],[4].[7]).

2.5 The Acceleration/Collimation Zone

The picture of a jet containing a turbulent magnetic field contrasts with the ordered field
geometry needed for acceleration and collimation in the prevailing magnetic launching models
(e.g., [30],[38],[29],[9]). [17] find suggestions that the polarization at Il mm, where the jets are
optically thin even in the “true” core, is relatively high and distinct from the longer mm-wave
and optical polarization. One interpretation is that an emission component from the
acceleration/collimation zone is present at 1 mm. This implies that there is a rather abrupt
transition between the ordered field — a tight helix according to the standard theories — and the
turbulence (see Fig. 3).
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Figure 3. Sketch of main features of an AGN according to observations and prevailing models. Note the
logarithmic length scale, marked on the bottom. (The sketch is cut off on the left side, which is roughly
symmetric with the right side.) Black hole is the dot at the center of the flared disk to the left. Shock
waves are frequency-stratified, with highest synchrotron frequencies emitted only close to the shock front
where electrons are energized [26]. The part of the jet interior to the mm-wave core is opaque at cm
wavelengths. At this point, it is not clear whether substantial emission occurs between the base of the jet
and the mm-wave core.
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The brightest spot of the ambient jet is the core when observed at or above the turnover
frequency of the overall flux density vs. frequency spectrum. If Ny is the normalization of the
electron energy distribution and B is the magnetic field at a position where the width of the jet is
R, the flux per unit jet length is roughly proportional to NyB'*“8**“R?. In the conical part of the
jet beyond the acceleration/collimation zone, this is a decreasing function of distance down the
jet. In the acceleration zone, however, it can increase with distance down the jet as 6 and R
increase if this more than compensates for the drop in Ny and B. Then the flux per unit length
reaches a maximum near the point of transition between the acceleration/collimation and
ballistic/conical zones. For a jet viewed at an angle » I'"', however, as in many radio galaxies,
the Doppler factor instead decreases as I' increases, so the brightest spot in the jet is as far
upstream as there exist electrons with energies high enough to radiate at the frequency of
observation. VLBI observations of side-on radio-galaxy jets at mm wavelengths can therefore
probe the collimation of the jet and its ability to accelerate particles as a function of distance
from the central engine, while similar observations of blazar jets can probe the jet’s acceleration
to a high flow Lorentz factor.

The asymptotic Lorentz factor in the magnetic launching models is roughly half the ratio
2
of the magnetic to rest-mass energy density at the base of the jet, I'=

P This implies that a
7pc

change in the mass loading into the jet at its launching pad in the central engine can result in the
Lorentz factor downstream taking on a different value. If the mass input were to decrease, the
ultimate Lorentz factor of the jet should increase, with the core shifting downstream if the
acceleration is distributed, as in the Vlahakis & Konigl [38] model. This would drive a shock
wave into the jet, with the shock forming only at the end of the acceleration zone. (I first heard
this idea from G. Ghisellini.)

3. Connection between the Central Engine and Jet in Radio Galaxies

Along with my collaborators, I have been observing the radio galaxies 3C 120 (FR 1) and
3C 111 (FR 2) in an attempt to determine whether there is a link between events in the X-ray
light curves and in the jet, as in XRBs. These radio galaxies have X-ray emission mostly from
the central engine [5] as well as relativistic jets featuring apparent superluminal motion
([8],[16]). Monitoring of 3C 120 with RXTE and the VLBA from early 1997 to early 2000
revealed that superluminal “ejections” follow marked dips in X-ray flux accompanied by
hardening of the X-ray spectrum [28]. There is a time delay of 60 days (updated value) that is
partly caused by the offset of the core from the central engine, which is more than 0.4 pc or
160,000 gravitational radii for a black-hole mass of 5x10” M, [33], and partly by the core shift
between the observation frequency of 43 GHz and the self-absorption turnover frequency v, =
100 GHz [1]. More intense monitoring over the past four years (Fig. 4) confirms this trend, with
the quantitative addition of a formal, although modest, anticorrelation between X-ray flux and
high-frequency radio flux.
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Figure 4. X-ray and radio light curves of the FR 1 radio galaxy 3C 120 since 2002. Upward red arrows
indicate times when superluminal knots were coincident with the core on 43 GHz VLBA images
(horizontal bars across the arrows show the uncertainty in this time). Every significant dip in X-ray flux
and hardening of the X-ray spectrum precedes the ejection of a bright superluminal knot.

The X-ray dips in 3C 120 are not nearly as dramatic as are the transitions between X-ray
states in GRS~1915+105, but they are not minor — typically of order a factor of 2 decrease in
flux. If the time scales in 3C 120 were shortened by a factor of 3 million according to the ratio
of the black-hole masses, the dips would last for ~1 s. There are in fact variations of about this
amplitude and time scale in GRS 1915+105 [6], but no connection of these to the energy flow in
the jet is apparent. Perhaps we are too demanding to expect direct scaling over so many orders
of magnitude in size scale. Nevertheless, we can declare that the radiative state of the accretion
disk plus corona system has a direct affect on events in the jet of this AGN, as it does in XRBs.

We have been monitoring the FR~2 radio galaxy 3C 111 only since March 2004. As
Figure 5 shows, the results thus far strongly suggest a similar relation between low X-ray states
and the production of a bright superluminal knot in the jet. The first and third knots, whose
appearances are marked by upward arrows in Figure 5, were initially brighter than the core. Of
particular note is the prolonged low-hard X-ray state in 2005. The superluminal knot that
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emerged a few months after the first minimum/hardening during this state was trailed by a string
of bright emission (see Fig. 6), commensurate with the extended duration of the low X-ray state.
Despite its rather unspectacular appearance in the light curve, the spectrally hard drop in X-ray
flux in early 2005 was about a factor of 2 lower than the maximum level of the higher/softer
state. The corresponding superluminal knot was fairly bright, but not as prominent as the other
two. The spike in X-ray flux at 2005.7 coincides with a flare at 230 GHz, very close to the time
of coincidence of the new superluminal knot and core at 43 GHz. This indicates that some of the
X-ray emission arises from the jet downstream of the central engine, which implies that the X-
ray dips in the coronal X-ray emission might be deeper than they appear in the RXTE light

curve.
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Figure 4. X-ray and radio light curves of the FR 2 radio galaxy 3C 111. Upward red arrows indicate
times when superluminal knots were coincident with the core on 43 GHz VLBA images (horizontal bars
across the arrows show the uncertainty in this time). Every significant dip in X-ray flux and hardening of
the X-ray spectrum precedes the ejection of a bright superluminal knot.
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3C 111 Figure 6. VLBA images at 43 GHz of the
radio galaxy 3C 111 after the long low X-
ray state of 2005. A new superluminal knot
moving at 4-5¢, initially bright than the
core, was trailed by an extended region of
enhanced emission commensurate with the
prolonged duration of the low X-ray state.
This supports the conclusion that periods of
low X-ray flux are associated with
enhanced activity in the jet. Contours are in
factors of ﬁ starting at 4.2 mly/beam,
with peak at 1.7 Jy/beam. The restoring
beam is 0.24x0.13 millarcsec along

position angle -1°.
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The physical cause of the connection between events in the central engine and the jet is
currently a matter of considerable speculation. If the jet is magnetically launched, then there
must be a link between the magnetic state at the base of the jet and the accretion state in the
inner disk. One scenario, proposed by [25], involves a change in the magnetic field
configuration in the inner disk from turbulent in the high-soft state to mainly poloidal in the
low-hard state. The turbulence is needed for viscous heating, which in the XRB case leads
directly to bright X-ray emission with a soft spectrum. In an AGN it causes strong ultraviolet
emission, which is Compton scattered in the corona to a hard X-ray spectrum. If the field
switches from chaotic to mainly poloidal — [25] suggest that this can occur by random near-
alignment of the field in the relatively small number of turbulent cells in the inner disk — then
the radiation in the inner disk will be quenched at the same time as energy flow into the jet is
promoted. The transition back to the turbulent, radiative inner disk would need to be violent in
order to send a shock wave (see [31]) down the jet. Perhaps global magnetic reconnection could
cause this, but no detailed MHD model has been published to date.

Alternatively, it is possible that the “corona,” where the X-ray emission seen in AGN
supposedly arises from Compton upscattering of softer accretion-disk photons, might be the
base of the jet or of a wind blown off the disk. If it is in fact the innermost section of the jet in
the picture where the jet starts out relatively slow and speeds up with distance from the black
hole, then the X-ray flux will be related to the number of electrons residing there. As mentioned
above, the mass loading of the jet should affected the asymptotic Lorentz factor of the flow
downstream. A decrease in the mass loading could then manifest itself as a decrease in scattered
X-ray emission near the disk (with the flatter-spectrum nonthermal X-ray emission from the
downstream jet playing a larger relative role) and a time-delayed increase in the speed of the jet

11
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downstream. The latter will drive a shock wave, seen as a superluminal radio knot. It is difficult
to say why the mass loading should change, since we do not understand the processes by which
material from the disk and/or ergosphere are injected into the base of the jet. In fact, there is a
centrifugal barrier that strongly inhibits particles from entering the jet (e.g., [29],[9]).

4. Conclusions

The relativistic jets from AGN can have bulk Lorentz factors I" ranging from close to one
to at least 45. Most, however, fall in the lower end of this range. Acceleration up to the
asymptotic flow speed probably occurs over an extended region, which explains why the
collimation is tighter for higher values of I'. The value of I that a jet can reach depends on the
ratio of magnetic to rest-mass energy density at the injection point. This links possible
fluctuations in the mass loading to changes in the jet flow speed, which can cause shocks that
appear as superluminal knots. Such a phenomenological model can explain the connection
between X-ray dips and time-delayed appearances of superluminal knots in the radio jets of the
radio galaxies 3C 120 and 3C 111. If this is the correct picture, the challenge remains to
determine what controls the mass loading and how it relates to conditions in the disk.
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