Observational Signatures in Jet-Cloud Interactions
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ABSTRACT.
Energetic γ-ray emission from the cores of active galaxies and quasars is likely to be produced as a
result of bulk relativistic motion of some portion of the emitting regions of AGN. Asymmetries in radio
observations of AGN show that the motion remains at least mildly relativistic to distances on the order
of or greater than kiloparsecs in some sources. In elliptical galaxies, hydrodynamic flows that arise as
a consequence of activity in the cores of the galaxies can extend to megaparsec scales. In Seyfert-like
nuclei, however, observations suggest that jets have a much more limited range, and are stopped within
the Broad (BLR) or Narrow (NLR) line regions of AGN.
In previous papers (Beall, Guillory, and Becker 1994, Beall and Guillory 1996), we have discussed
the role of relativistic jets in stimulating line emission in the broad line region (BLR) of active galactic
nuclei and quasars (AGN), and have calculated the propagation length of relativistic charged-particle
beams as they traverse the ambient medium of a dense, interstellar cloud such as those that comprise
the BLR of AGN. These calculations are effected through a model of the interaction of the beam and
cloud. This plasma wave model calculates the collisionless losses that occur via a series of plasma waves
generated by the beam’s interaction with the ambient medium. In the parameter range appropriate to
the BLR and NLR of AGN, collisionless processes are the dominant energy loss mechanism for the beam.
This plasma wave model of the beam-cloud interaction is used to estimate the wave energies produced
as the beam traverses the cloud. This can in turn be used to determine the propagation length of the
beam. As a consequence of these plasma wave interactions, the Maxwell-Boltzmann distribution of the
ambient gas develops a high-energy tail. This high-energy tail is an efficient mechanism for generating
line emission via collisional excitation of the ambient medium.
As part of the calculations presented herein, we use a Particle-in-Cell (PIC) code to benchmark
the plasma wave model calculations, and show that the plasma wave model of the beam transport
yields reasonable order-of-magnitude estimates for the propagation length of the beam. This PIC code
is a large-scale computational simulation, and serves as an important benchmark for the plasma wave
interaction model that we apply to parameter ranges associated with the BLR and NLR of AGN.

1. Introduction
The nature of the emitting region in active galactic nuclei (AGN) remains an important
area in the study of AGN and quasar phenomena. The cores of AGN appear to contain
a central, massive black hole which indirectly produces the observed radiation via accretion disks. The disks are likely to produce IR, optical, UV, and X-ray radiation. Some

Fig. 1. The AGN Family Tree: broadly divided between two classes, Radio Quiet and Radio
Loud. FR I = Fanaroff-Riley Type I radio sources, with strong cnetral radio emission, but
weak lobes. FR II = Fanaroff-Riley Type II radio sources, with strong lobes and weaker central
sources. BLR = the Broad Line Region (Doppler line broadening with v = 500 − 7000kms−1 )
and NLR = the Narrow Line Region (Doppler line broadening with v = 300 − 1000kms−1 ).
Normal galaxies have velocities ∼ 100 − 100kms−1 . Note that the galactic microquasars may
form an equivalent tree structure, and thus may be distinguished from AGN phenomena only
by luminosity

models for very high temperature disks around massive black holes use Comptonization
of disk photons in a hot disk corona to produce the γ-ray emission observed by the
Compton Gamma Ray Observatory’s OSSE instrument. To produce the very high energy γ-ray emission observed by the CGRO’s EGRET instrument, a number of authors
have proposed that jets of material moving at relativistic velocities interact with the
ambient medium in the AGN’s central region. Bulk relativistic motion is also suggested
by VLBI radio data which show super-luminal expansion on scales of parsecs in some
sources.
In at least 10 % of AGN, the accelerating region produces collimated jets of material
that extend for distances of kiloparsecs (see Figure 1). These large scale jets of material
that extend for distances of kiloparsecs. These large scale jets appear to be typically
associated with giant elliptical galaxies, and are denoted “radio loud.” Radio Loud AGN
are further subdivided into Quasars (with high luminosity) and BL Lac type objects,
which are less luminous and have strong central emission. The BL Lac type objects are
therefore classed as Fanaroff-Riley I (FR I) sources, which have extended “jets,” but a
brighter central source. Quasars may have bright radio lobes extending to distances of

Fig. 2. Schematic of Model: This figure shows a sketch of the likely arrangement of the inner few
parsecs of the AGN core. Note that the black hole is surrounded by an accelerating region that
produces the initial accelerated particles. These interact with the radiation field or material
of the accretion disk or funnel and process the initial beam constituents. What is likely to
emerge is a highly relativistic, electron-positron or electron-proton jet. This jet interacts with
the dense, interstellar clouds in the broad line region (BLR). The jet slows and eventually
becomes supersonic via the processes we discuss herein.

kiloparsecs. Because the lobes are brighter at radio frequencies than the central sources,
these objects fall into the FR II source classification.
The remaining 90% of the AGN are divided into Seyfert (spiral) galaxies and QSO’s,
both having no kiloparsec scale radio structures. However, some Seyferts and at least one
spiral galaxy, the Milky Way, have jet like structures which remain within the central
cores ( 10 parsecs) of the galaxies.
Observations of AGN have led to discoveries of linear radio, infrared, optical, ultraviolet, and in three cases (Cen A, 3C273, and M 87) x-ray structures which extend outward
from the central, active nucleus. In sources with giant radio lobes, these arcsecond-scale
jets are in general aligned along the axis which connects the radio lobes and the cores
(see Bridle and Perley 1984, Muxlow and Garrington 1991, Cawthorne 1991, and Wiita
1991, and Eilek and Hughes 1991 for discussions).
The constitution of these jets and the physical conditions within them have received
considerable study. The association of radio, IR, optical, UV, and X-ray structures has
provided diagnostics for the source parameters in the jets (see, e.g., Meisenheimer et.
al. 1989; Biretta, Stern, and Harris 1991; Canizares et al. 1979; Feigelson et al. 1981;
Burns, Feigelson, and Schreier 1983; Morrison, Roberts, and Sadun 1984; Roberts 1984;

and Davis, Muxlow, and Conway 1985; McKee and Eilek 1984) which help to constrain
theoretical models of the sources.
Begelman, Blanford, and Rees (1984) have reviewed the observations and physical
mechanisms for extended, extragalactic radio jets which connect the cores of active
galactic nuclei and quasars to the large regions (lobes) of radio emission (see, e.g. De
Young 1991, Burns, Norman, and Clarke, Boksenberg, et al. 1992). These jets appear
ultimately to be responsible for the formation of the giant radio lobes which typically
contain energies of order 1060 ergs.
Many jet-like structures are one-sided on scales of arc seconds and less. The onesidedness of these jets may be due to relativistic beaming or asymmetric obscuration.
Burns (1984) argued that one-sidedness in arcsecond scale radio jets is difficult to explain
by relativistic effects. However, canonical results from Jackson (1960) and Scheuer and
Readhead (1979) can be used to show that even jets with relatively modest velocities
and propagation angles with respect to an observer can have a rather large luminosity
ratio for the approaching versus receeding component of the jet. Thus, the one-sidedness
of jets on scales of arcseconds (corresponding to propagation distances of kiloparsecs)
does not a priori suggest highly relativistic velocities. On the other hand, superluminal
expansion on scales of milli-arcseconds is likely to represent bulk, highly relativistic
motion.
Such relativistic motion has been used as a model for explaining a number of phenomena associated with AGN. For example, BL Lac objects have been interpreted as
either naked central engines or relativistic jets beamed toward the observer (see e.g. Urry
1988, Walker 1984, Bridle 1984, Wardle and Potash 1984, and Pearson and Readhead
1981, 1988, 1990 for discussions).
Current models of the broad (BLR) and narrow (NRL) line regions of active galactic
nuclei (AGN) attribute the observed line flux to photoionization or shock heating of
material near the central engine. But in some AGN, jets of material moving at relativistic
velocities outward from the center of the galaxy may provide a considerable source of
energy that is likely to affect the dynamics and emission spectra of the cores of AGN. In
fact, models of -ray emission from Blazars lend support to the hypothesis of e− /p+ jets
moving at relativistic velocities in those sources. Recent detection of γ-ray lines from
OSSE/GRO, as well as earlier observations of radio jets in the galactic center, suggest
the possibility of large-scale jets in our own galaxy.
It is plausible relativistic beams or jets are accelerated by some (as yet determined
- see, e.g. Blanford 1990, Eilik & Hughes 1991)) process in an accretion disk near the
Schwarzschild radius of a massive black hole (see Figure 2). Ikhsanov (1997 and the references cited therein) has supposed rapid changes in magnetic fields that could generate
sufficiently intense electric fields to accelerate relativistic jets. These jets then propagate
through a “cascade region” induced by UV and x-ray light (and perhaps particles) from
the inner edge of the accreton disk and the disk “funnel,” (see, e.g., Bednarek & Kirk
1974, and Henri, Peltier, & Roland 1993), finally emerging from the source region as
highly collimated jets of elementary particles. These processes are likely to occur within
a distance of a few orders of magnitude of the Schwarzschild radius. In some sources,
jets of material can propagate outward from the core of the AGN for distances on the
order of tens to hundresd of kiloparsecs, while in others, there is some evidence of linear

structures resembling jets that seem to be confined to the central region of the source,
within tens or at must a hundred parsecs of the central source.
The intermediate distance (between the accelerating region and the large scale jets
in some AGN) contains the BLR and NLR of AGN. The BLR region contains highdensity clouds thought to be responsible for the highly broadened line emission in these
sources. Darn and Laor (1996) have suggested that the interaction of these beams with
interstellar clouds in the BLR can produce the high-energy γ-radiation produced in
BLAZARS. This model is similar to that suggested by Rose et al. (1984).
For parameter ranges appropriate to AGN (i.e. low-density beams interacting with
a high-density cloud with densities appropriate to the BLR and NLR of AGN), Beall
(1990) has shown that “collisionless” processes represent the dominant energy loss mechanism for such beams. If jets are present in all AGN, plasma effects considered herein
could provide a natural explanation for different features, including propagation lengths,
in the various classes of sources.
Initial calculations and laboratory plasma experiments demonstrate that relativistic
beams can transfer momentum to the ambient medium and generate high-energy tails
to the Maxwell-Boltzmann distribution of the gas. These non-Maxwellian, high-energy
tails must readily ionize the gas in the ambient medium. An estimate of line luminosities
produced by these processes (see Beall and Guillory 1996) show that the jets are capable
of generating the energy flux necessary to power the integrated line luminosity of the
BLR of AGN. It is therefore possible that the interaction of a relativistic jet with the
ambient medium in the BLR is a significant source of line emission for that region.
We have also shown that certain spectral lines serve as diagnostics for the presence of
nonthermal hot, electrons such as those generated by the beam-plasma interaction.
In this paper, we will first discuss in brief terms the mechanisms whereby the beams
are slowed after they exit from the cascade region. We then show how propagation
lengths are determined using the plasma wave model outlined above. Finally, we show a
comparison of the plasma wave model with PIC (Particle-In-Cell) simulations to benchmark estimates of the beam propagation length derived from the plasma wave model.
The code which solves the plasma wave model can have broad applicatons in parameter
ranges associated with astrophysical jets, while PIC code simulations of this region are
beyond the scope of current computational resources by factors of more than 10 9 .
2. Propagation of Relativistic Electron-Proton Beams Through Interstellar
Clouds
Rose et al. (1984, 1987) first suggested that the interaction of relativistic particles with
dense, interstellar clouds could account for the variability and flux of the hard x-ray and
γ-ray sources in active galaxies, and discussed in detail the mechanisms of energy loss
for a relativistic, low-density beam of electrons, electrons and positrons, or electrons
and protons as it interacts with clouds in the BLR and NLR of AGN.
As the beam of relativistic particles deposits energy in the ambient medium via
the generation of electrostatic plasma waves, a number of important physical processes
are operant. The material in the jet cone or cylinder suffers periodic acceleration as
the two-stream instability generates regions of high electric field intensity which then

further “sweep out” electrons (and eventually background atoms) from the region where
the high electric fields are generated. These “cavitons” are low-density, microscopic
structures that have a net motion with respect to the ambient medium. During the time
when they form, evolve, and then collapse (much like a wave breaking on a shore), they
transfer momentum to the ambient medium in the direction of the jet’s motion.
In addition to the transfer of momentum to the ambient medium by the net motion of
the electric fields in the cavitons, a high-frequency component of the caviton electric field
interacts with electrons in the ambient medium in a manner that evolves the MaxwellBoltzmann distribution of the gas, producing a high-energy tail. This high-energy tail
is a remarkably efficient mechanism for ionizing the gas in the Broad and Narrow Line
Regions of AGN (Beall and Guillory, 1996). In addition, the high-energy tail on the
Maxwell-Boltzmann distribution can decrease the growth rate of the parameteric (Oscillating two-stream) instability (Freund, Smith, Papadopoulos, and Palmadesso 1981)
and thus effects the heating rate of the beam upon the plasma, and the cooling rate via
inelastic processes and radiation transport.
In order to calculate the propagation length of the electron-proton jet described
above, we model the interaction of the relativistic jet with the ambient medium through
which it propagates by means of a set of coupled, partial differential equations which
describe the growth, saturation, and decay of the three wave modes likely to be produced
by the jet-medium interaction. First, two-stream instability produces
√ a plasma wave, W 1 ,
called the resonant wave, which grows initially at a rate Γ1 = ( 3/2γ)(nb /2np )1/3 ωp ,
where γ is the Lorentz factor of the beam, nb and np are the beam and cloud number
densities, respectively, and ωp is the plasma frequency, as described more fully in Rose et
al. (1984). Secondly, a parametric instability fed by this wave generates high-frequency
components to the electrostatic waves in the plasma. These high-frequency components
we designate as W2 . Finally, the interaction of these waves with one another and with
the ions in the ambient medium generate ion-acoustic waves, which we designate as
Ws . Such a treatment of the process considered herein does not of course provide a
self-consistent calculation of the deposition of the beam energy into the plasma. It
does, however, provide a reasonable estimate of the magnitude of the effects of the
interaction of the relativistic jet with the ambient medium. A more detailed discussion
of the considerations leading to these rate equations can be found in Scott et al.(1981),
Rose et al.(1984, 1987), and Beall et al.(1986, 1990). The results of these estimates have
been substantially confirmed by a Particle-in-Cell Code (PIC-Code) calculation (Rose
et al. 1998, Beall et al. 1997). The introduction of a weak, longitudinal magnetic field
tends to stabilize the beam and increase its propagation length somewhat.
The time-dependent values of the normalized wave energy densities for the twostream instability, W1 , the oscillating two-stream instability, W2 , and the ion-acoustic
waves, Ws , and the shortest time scale for the growth of the instabilities, τ , determines
the rate at which energy is drawn from the relativistic beam into the ambient medium.
We note that τ = 1/Γ1 , where Γ1 is the initial growth rate of the two-stream instability
wave energies. These solutions represent a spatial average of the energy density for the
waves in the plasma.
As a beam excites waves in traversing a background plasma, it loses energy and γ
decreases. For an electron-proton beam the principal collisionless interaction is between

Fig. 3. Time-dependent solution for the total wave energy in the plasma, as determined by the
system of coupled, differential equations (see Rose et al. 1984, Beall 1990) that describe the
plasma wave model for the interaction of a relativistic beam as it interacts with an ambient
medium. The parameters for this run are chosen from the benchmark run of the PIC code
discussed below. Here, γ = 2, nb = 5.0x10−2 , np = 1.0x101 , and Tb = 1.0x107 . The propagation
length for an beam that results from these average wave energies is Lp = 0.5x107 cm (see text).

the beam electrons and background plasma. Consequently, the beam electrons will tend
to slow down with respect to the beam protons, and consequently, the beam protons
will also lose momentum to the plasma interactiions.
−1/2
For a relativistic beam vb = c(1 − v 2 /c2)
and the energy loss through a distance
∆l can be estimated as follows. Let
0

vb nb m c2 (dγ/dx)∆ ' −(d(αe1 )/dt

(1)

where m0 = m for an electron beam, m0 = m for an electron-positron beam, m0 = mp+m
for an electron-proton beam, 1 is the energy density of the resonant waves, and α is
a factor (≥1) that corrects for the simultaneous transfer of resonant wave energy into
nonresonant wave energy 2 and ion-acoustic wave energy s . From equation 1, we find

Z

dE/dx = −(1/nb vb )(dα1 /dt), and
Z
0
dγ = − [d(α1 )/dt]/(vb nb m c2 )

(2)
(3)

This equation can be compared directly with the equations for the individual particle
energy loss mechanisms (Beall 1990). We note that α1 = αW1 /nkT , and that the dt is
the cycle time between periods in the oscillatory solutions to the equations, or, for the
steady state solutions, roughly 1/Γ1 . The two time intervals are approximately equal.

Given these considerations, the propagation length Lp (i.e., the distance over which
γ = (1 − v 2 /c2 )−1/2 decreases by a factor of ∼ 2) becomes
0

Lp = (γ/2)vb nb m c2 / < dαe1 /dt >

(4)

where < dαe1 /dt >, the time average rate of excitation of wave energy density, can be
obtained from the solutions described below.
Figure 3 shows the time-dependent solution to the system of coupled, differential
equations that describe the plasma wave model for the interaction of a relativistic beam
with the ambient medium. The parameters are those choosen for the PIC code benchmark test as denoted below.
3. Particle-in-Cell (PIC) Code Simulations
The smallest plasma thermal temperature that can be resolved in a PIC simulation
is related to the plasma density and the computational grid size by the constraint
(∆x ∼ πλD ,where λD is the Debye length (Birdsall and Langdon 1991). The relationship
between the astrophysically interesting parameter range and the PIC simulation regime
is remarkable. The region where PIC calculations are possible represents a parameter
regime comprised of at most 106 to107 cells for a 2-D PIC code such as the one we have
used here (i.e. the MAGIC code - Golpen et al. 1995).
The two dimensional PIC simulations are in Cartesian geometry with a “slab” beam
of either electrons or electrons and positrons injected from the left conducter (the left
side of the plot in Figure 3). The beam traverses to the right in these plots, that is,
the positive x direction. The beam in the PIC simulations is monoenergetic with no
transverse temperature, and has a rise time of 1000 simulation time steps, which is
typically greater than 100 plasma periods, ωp t. The injected beam width is denoted as
xb , and is greater than several colisionless skin depths. A stationary, cold plasma of
density, np , is present at the beginning of the simulation.
The sample PIC simulations we have carried out represent an upper limit to the
current computational capabilities of PIC codes on an ORIGIN 2000 computer. This
makes evident the utility of the plasma wave model for the calculation of jet-cloud
iteractions for parameter ranges of astrophysical interest.
For the purposes of our benchmark, we choose an e− /e+ with γ = 2 interacting with
an ambient medium of density np = 101 #cm−3 . The beam density for this simulation is
nb = 5x10−2 , and the ambient plasma has an axial magnetic field, Bo ∼ 2.4x10−3G. This
B-field serves to suppress a filamentation process in the beam, but does not otherwise
effect the propagation length. We have chosen the plasma temperature to be equal to
T = 107 K.
A perusal of Figure 4 of the PIC code results clearly shows the beginning development
of the two-stream instability in both the electron and the positron components of the
relativistic beam. The length scale at which the jet begins to develop these significant
effects is of order Lp ∼ 0.9x107 cm. Note that the plot in the figure has units of meters.
The time scale for energy loss of such a beam as determined in Equation 4 above is
Lp ∼ 0.5x107cm. We see, therefore, that the PIC code and the plasma wave model

Fig. 4. Figure 4a shows (for an electron-positron jet) the density of the beam and plasma
electrons at a time shortly after the beam completes its traversal through the ambient medium.
Figure 4b shows the spatial distribution of positrons. While this distribution is similar to that
of the electrons, it shows more readily in the plot because there are no positrons in the ambient
medium. Note the development of the density perturbations to the right half of the propagation
region. These data from our PIC code simulation show clearly the beginning development of
the two-stream instability in both the electron and the positron components of the relativistic
beam. The length scale at which the jet begins to develop these significant effects is of order
Lp ∼ 0.9x107 cm. Note that the plot in the figure has units of meters.

yield the same order of propagation length of the beam. It is also interesting to note
that the PIC code simulations do not show the formation of a shock front (except
perhaps a radial one at late times) in these simulations. Furthermore, while the beam
reduces the density of the ambient medium by some small fraction during the PIC
code simulations, the beam does not form an evacuated channel through the ambient
medium. The collisional excitation of the ambient medium therefore can produce line
species significantly different from those associated with a thermal distribution for the
interstellar cloud.
Figures 5 and 6 show the PIC code results plotted to illustrate the way in which
the beam loses energy to and heats the ambient medium. Figure 5a shows the velocity
distribution of the ambient medium (central line) and the beam (upper line) at 2.0x10−3 s
into the simulation. Figure 5b shows the same configuration at 2.4x10−3 seconds. Note
the increase in the dispersion in the beam and the ambient medium on the right side of
the plot (at a distance of 1.8x107 cm. Figure 6a shows the same scenario at 2.8x10−3 s,
and Figure 6b shows the evolution at 3.6x10−3 s. Note the movement of the wave-like

structures back toward the origin of the jet.

Fig. 5. Figures 5 a and b shows the rapid evolution of the momentum space distribution along
the propagation axis of the beam at two successive times. The velocity distribution of the
ambient medium (central line) and the beam (upper points) at illustrated at 2.0x10−3 s, and
2.4x10−3 seconds, respectively. These data show the beginnings of the energy loss of the beam
to the ambient medium and the heating of the ambient medium by the relativistic jet.

These data clearly show the heating of the ambient medium by the jet. Other simulations and our analytic calculations show the formation of a high energh tail (Beall
and Guillory 1986) on the Maxwell-Boltzmann distribution of the gas. We calculate the
average energy gain per ambient electron that enters a caviton as follows: The pressure
exerted by the electric field in the caviton, PE = (1/3)E 2 /8π for a randomly oriented
electric field. This is in equilibrium with the gas pressure, Pg = nkT . Equating these,
we solve for E to find that E = 2(6πnkT )( 1/2). The rate of change in electron energy
with charge q in the electric field, E, of the caviton is de/dt = qvE, where v is the
electron velocity. If we assume the velocity is of order vth and the time within the cavity
is dt = l/v, where l is the scale size of the caviton, which can be parameterized in terms
of Debye lengths so that l = αλD . Thus, δE/kT = 2.83α. Typical sizes for the cavitons
are of order 30 × λD , based on computer simulations. Thus δe ∼ 100 eV.
A 1% non-thermal tail on the Maxwell-Boltzmann distribution of gas in the ambient
medium can yield remarkably different line profiles. For example, with a cloud density,
nH = 1010 and a temperature, T = 104 , the line intensity for Oii (3730.00) is 2.55x10−4
without a non-thermal tail, and 6.48x10−4 with a 100 eV non-thermal tail. With a
thermal distribution, the silicon line Siii (4130.00) has a line intensity is 3.75x10−4,
while with the 100 eV non-thermal tail, the silicon line has an intensity of 5.44x10+3 .

These calculations are obtained from our modification of the XSTAR code (Kallman
and Krolik 1993) and are more fully discussed in Beall and Guillory (1996).

Fig. 6. Figures 6 a and b the evolution of the momentum space distribution along the propagation axis of the beam at somewhat later times than shown in Figure 5 as the jet propagates
through the ambient medium. These data show clearly the energy loss of the beam to the
ambient medium and the heating of the ambient medium by the relativistic jet.

4. Comments
We have shown that the PIC code simulations of the interaction of a relativistic jet with
an ambient medium substantially agree with the plasma wave model we have developed
previously. There is agreement between the two codes in terms of the calculated propagation lengths of the relativistic jets as well as the growth time of the instabilities.
This result is an important benchmark of the plasma wave model code in applying it to
parameter ranges important for the BLR and NLR of AGN, since the application of the
PIC code to astrophysically interesting parameter ranges is many orders of magnitude
beyond the capability of current technology.
It is apparent from the PIC code simulations that the beam of relativistic particles
heats the ambient medium. Other simulations show that there develops a high energy
tail on the Maxwell-Boltzmann distribution of the gas in the ambient medium. This also
confirms our earlier work on this subject.
It is also of interest to note that the PIC code simulations do not show the formation of a shock front (except perhaps a radial one at late times) in these simulations.
Furthermore, while the beam reduces the density of the ambient medium by some small

fraction during the PIC code simulations, the beam does not form an evacuated channel through the ambient medium. The jet-driven collisional excitation of the ambient
medium can therefore produce line species significantly different from those associated
with an interstellar BLR cloud with a Maxwell-Boltzmann distribution of gas velocities.
Since these jet-induced, non-thermal tails readily excite distinctly different line emission profiles from the gas, such signatures can provide an important indication of the
presence of relativistic jets in some sources.
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