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The physics of active galactic nuclei (AGN) and related objects is one of the most actively pursued
areas of astrophysics. Their large luminosities over the entire electromagnetic spectrum combined
with extremely short time variability has stimulated a large number of astrophysicists to propose
rather unconventional ideas. A variety of radiation mechanisms such as, thermal, synchrotron and
Compton processes have been proposed to account for the complex continuum emission. It is only
recently that the role of plasma radiation mechanisms has been shown to be of the utmost impor-
tance. It is demonstrated how a combination of the stimulated Raman and Compton scattering
processes accounts for the major part of the spectrum, taking 3C273 as an example. In addition
plasma mechanisms for, the heating of the emission line regions, absorption of 21 c¢m radiation,
producing time variability on different time scales and pair production and annihilation are also

discussed.

I Introduction

Quasars are the most distant and the most luminous
objects in the universe. The optical spectra of quasars
consist of strong and broad emission lines, some of
which have been identified to be the Balmer series of
the hydrogen spectrum, shifted to longer wavelengths.
The amount of shift implies that many of these objects
are moving away at a large fraction of the speed (¢) of
light. If this is a cosmological red shift then one finds
using the Hubble law of the expansion of the universe,
that these objects are at the farthest reaches of the uni-
verse. Quasars radiate almost over the entire electro-
magnetic spectrum with a typical power of ~ 104647
erg sec”!. The sun, for example emits ~ 3.9 x 1033
erg sec™!. A typical galaxy has about 10!! stars in it.
Thus the output of a quasars is much more than that
of an entire galaxy. However, on optical images, it ap-
pears more like a star. Here lies the origin of the name
Quasi-Stellar objects. Further, the observed rapid time
(t,) variability of the radiation constrains the size (d)
of the source to be extremely small (d < ct, if internal
relativistic motions are ignored) typically of the order
of 104 — 10'® cm, comparable to the size of the solar
system (Mushotzky, Done and Pounds, 1993).

What could be the nature of this ‘little big’ power-
house? We know that the stars shine due to the ther-
monuclear burning of hydrogen and other elements. We
are also aware of the efficiency (~ 0.007) with which
mass is converted into radiation in a thermonuclear re-

action. It was concluded that quasars need a mech-
anism more efficient than the thermonuclear burning.
The consensus at present is that the energy extracted
from the gravitational in-fall of gas on to a compact
object such as a black hole (Rees, 1977), fits the bill.
It is akin to terrestrial hydroelectric power generation!
Thus, a viable model of a quasar consists of a mas-
sive black hole accreting gas from its neighborhood (the
reservoir !). The gas, as it spirals in and accelerates
becomes hot and emits photons through a variety of
radiation processes. The luminosity L may be related
to the mass accretion rate M as: L = nMcQ, where
k, an efficiency factor is determined from the nature of
the accretion. It is of the order of 0.3 for disc accretion
onto a rapidly rotating balck hole (Novikov and Thorne,
1973), where the accreting gas has angular momentum
and therefore settles down in the form of a disk around
the massive central object.

The mass of the black hole can be estimated from
several considerations. For example, one could demand
that the gravitational attraction of the accreting gas
by the black hole is larger than its repulsion by the
emitted radiation. This defines the well known Ed-
dington limit Lg and can be derived as: forces due
to gravitation and radiation are different for electrons
and protons, as a result of which charge separation
takes place and an electric field E is set up, the sys-
tem, then, tries to attain an equilibrium in which the
electrons and protons experience equal forces and they
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move together and the luminosity at which this hap-
pens is given by Lg = 4nGMm,c/or, where G is
the gravitational constant, M the mass of the black
hole, m, the mass of a proton and o7 is the Thom-
son cross-section. One finds L ~ 1.3 x 1046 Mg erg.
sec™! where Mg = (M/108Mg). Thus black holes of
masses ~ 108 Mg are needed to power quasars. Further
the Schwarzchild radius R, of a black hole is given by
R; = 2GM/c* ~ 3 x 10 Mg. Thus a characteristic
time of variation t, which may be associated with a re-
gion of this size is ~ Rs/c ~ 10°Mjg sec. This agrees
fairly well with the variability time scale observed in
the X-ray part of the spectrum of some sources.

Another way of estimating the mass of the black
hole is to attribute the observed width of 5000-10000
Km/sec of the emission lines to the Keplerian motion
of the gas. One finds that at a distance R ~ 900R;, the
Keplerian velocity is of ~ 10* Km/sec. The absence
of broad forbidden lines constrains the electron density
in the broad line emission region to ~ 10 cm=2 and
the temperature to a few times 10* K. The observed lu-
minosity in any of the emission lines is much less than
would be expected from a region of the size ~ R and
further that it cannot exceed the luminosity of a black
body at this temperature. This has two fall outs: first,
that R > 10'® cm and M > 107 M, and second that the
region of size R is not uniformly filled with gas. It ex-
ists in the form of filaments exhibiting several zones of
varying density and temperature. Particularly, the two
phases with 7' ~ 108 K and 10* K have been shown
to coexist in pressure and radiative equilibrium (Mc-
Cray, 1979; Rees, 1984) (for a review see Osterbrock
and Mathews, 1986).

The continuum emission of a quasar can be approx-
imated by a power law. The flux F, at a frequency v
goes as v~ % consisting of several components: In the
low frequency (v < 1 GHz) radio region, @ ~ 0.1; in
the X-ray region a < 0.7. The entire spectrum when
fitted with an average value of @ ~ 1 shows bend in
the radio, bumps in the blue and distinct variations in
the hard X-ray and v-ray regions. The continuum orig-
inates very near the black hole and then interacts with
the surrounding gas, which, as a result, exhibits phases
of diverse temperatures and densities.

The radio emission associated with quasars typi-
cally has two distinct components: a compact source
coincident with the optical emission showing a flat or
complex spectrum and, extended roughly symmetrical
double radio sources on both sides of the optical object
with a spectral index ~ 0.7. This extended emission
can exist out to hundreds of Kiloparsec and is usually
seen as two sided lobes, though only one of the jets
feeding the lobes is usually visible. How the central ob-
ject feeds and maintains these huge jets has remained
an issue of active consideration.
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II  Early models of continuum
emission

The core radio radiation from AGN is believed to be
produced via synchrotron process in which relativis-
tic electrons gyrate in an ambient magnetic field. The
synchrotron radiation mechanism has been discussed in
various astrophysical contexts and the characteristics of
a radiation so produced are well documented (Pachol-
czyk, 1970, Ginzburg and Syrovatssky, 1974; Rybicki
and Lightman, 1979). For a power law energy distri-
bution of electrons, synchrotron radiation flux also has
a power law spectral distribution with a = (8 — 1)/2
where 3 is the energy index (f(E) oc E~?) of the elec-
trons. It is found that many of the acceleration pro-
cesses such as shock acceleration, acceleration by mag-
netohydrodynamic waves etc. produce a value of § ~
3. This, then gives a value of a which is close to the
observed spectral index to a low frequency turn over.
At this turning point, the electrons begin to absorb the
radiation they emit and the source is said to be self-
absorbed. The radio flux varies as f, (o v°/?) for fre-
quencies below the turning point. Now this part of the
spectrum has not been observed, instead a flat spec-
trum with a ~ 0.1 — 0.3 is what is often observed. This
is explained by invoking the inhomogeneous nature of
the radio source, wherein a tailored superposition of
v%/2 spectra gives rise to a flat spectrum.

The self-absorption occurs when Tpg ~
(v/Kg)mec® ~ 10y, where v is the Lorentz fac-
tor of the synchrotron emitting electrons, Kpg is the
Boltzmann constant and m. is the electron mass. T
the brightness temperature at a frequency v is defined
as: KpTp = c2F,/2m0%v3 where F, is the radiative
flux and 6 is the angular size of the source. From
the observed values of F,, v and 6 at the turnover
frequency, one can determine the Lorentz factor
of the electrons emitting at the turnover frequency.
Since the synchrotron turnover occurs at a frequency
v =~20.3eB/2wmc/(1+2) one can determine the mag-
netic field B for a known value of the redshift z and
then the total number of relativistic electrons required
to account for the observed value of F,. Thus from the
self-absorbed feature of the spectrum, typical values of
the physical parameters of the radio emitting plasma
can be estimated. The variability aspect of the radio
emission will be discussed in a later section.

Linear polarization as high as 75 % is predicted
for the synchrotron mechanism and high linear polar-
ization is often seen in extended radio sources. The
compact radio sources, however show polarization of a
few percent. Thus, depolarization processes are usu-
ally supposed to be operative. With faith in the syn-
chrotron mechanism, thus restored, it was proposed
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that at least in radio-loud objects, radio to ultravio-
let (and sometimes soft X-ray) radiation is produced
by synchrotron process and X-rays to gamma rays are
produced through the inverse compton scattering of the
synchrotron produced UV photons (Hoyle, Burbidge
and Sergent, 1966). The power P;, emitted per electron
by the synchrotron mechanism is given by (Rybicki and
Lightman, 1979).

Py, =2/3(cory’ B* B?), (1)

where o is the Thomson cross-section, fc is the per-
pendicular velocity of the relativistic electron with
the Lorentz factor perpendicular to the direction of B,
the magnetic field. The power P. emitted per electron
by the inverse compton process is given by (Rybicki and
Lightman 1979):

Pc = 2/3 (C or ’}/2 ﬂ247TUrad) ) (2)

where Upqq is the energy density of the synchrotron
generated photons.

It was argued by Holye, Burbidge and Sergeant
(1966) that the ratio P./Ps, turns out to be much
larger than one, infact ~ 10° at a frequency v = 104
Hz for 3C273 and similarly for other objects. This im-
plied that the compton process generated much more
power by using synchrotron photons and electrons than
did the synchrotron process, leading to a divergence
in which the inverse compton process acts on itself to
produce higher power at higher and higher frequencies.
This dilemma is known as the Compton catastrophe.
Jones et al. (1974), however, have criticized this con-
clusion, for according to them spectral power instead
of the total power should be compared since the former
is what the observations provide. Further, the relative
contribution of synchrotron self-Compton (SSC) can be
reduced for anisotropic distribution of relativistic elec-
trons in ordered magnetic fields. Another way out of
the compton catastrophe is to assume different values of
the Lorenztz factor for producing radiation at different
frequencies.

If L is the luminosity and d the size of the source,
L = nd?cUyqq = 47R?F, where F is the flux re-
ceived at the earth from the object at a distance R.
Thus U,qq = 4F/6%c = 8n(v3/c®)KpTr < B?/4n
gives an upper limit for the brightness temperature
Tp ~ 10'2 — 10'® K. Detection of rapid variability
(small #) in some sources implies, then, that the bright-
ness temperatures, in these sources, can exceed the
SSC limit by several order of magnitude. This diffi-
culty has been resolved by suggesting that the source
is expanding relativistically toward the observer (Rees,
1966). The timescale for variability in the source rest
frame then increases by the Kinematic Doppler factor
6 = [v(1 = Bp)(1 + 2)]7" and so does the angular
size of the source, which results in the reduction of the

brightness temperature. Thus relativistic beaming has
been found handy for explaining the observed super-
luminal expansion, the low frequency variability and
rapid changes in polarization and intensity in addition
to providing a cure for the Compton catastrophe.

Thus the scenario that is popular for the radio-loud
and other related objects consists of a jet like struc-
ture, emanating from the core. The radiation from ra-
dio to UV and sometimes even including X-rays is pro-
duced through incoherent nonthermal synchrotron pro-
cess. Time variability studies provide an estimate of the
relative sizes of the emission regions at various frequen-
cies. In some other sources X-rays may be generated by
the inverse Compton scattering of low frequency pho-
tons. If this process operates then one expects to see
correlated variability in the seed photons at infrared
and millimeter wavelengths and the Compton scattered
photons at X-rays. The overall spectrum has a spectral
index close to unity with a very broad peak in the mil-
limeter to ultraviolet region. This feature has a large
range in wavelength and probably reflects the range in
the parameters of the radiating plasma. Typical values
of the parameters may lie in the range: B ~ 10% — 10*
G, relativistic electron density n ~ 108 — 1019 cm™3,
Lorentz factor v ~ 10° — 10* and the size of the emis-
sion region d ~ 10*>—10'7 em. This plasma can provide
a luminosity I ~ 10%** — 10* erg/sec. The Compton
limited luminosity is also of the same order. Recent
observations from Compton Gamma Ray observatory
have revealed a surprising correlation between emission
at Gev and radio frequencies. This lends credence to
the inverse Compton scattering process for the genera-
tion of gamma-rays (Marscher and Bloom, 1992). The
observed Gev energies of ~ 10*® erg/sec are perhaps
the result of relativistic beaming. Time variability of
the order of a few days has been seen at gamma-rays,
also typical of the optical and UV region, again point-
ing to the role of upscattering processes (Kniffen et al,
1993).

None of the radio-quiet objects have been seen to
emit GeV photons. As mentioned already, the radio
quiet objects have very weak emission of the order of
a few milli Jansky at frequencies = 10'° Hz and the
emission rises thousand fold to the level of Jansky at
far infrared wavelengths. This steep fall with an av-
erage slope of 3.75 (Hughes et al., 1985) towards low
frequency cannot be accounted by synchrotron self ab-
sorption mechanism which can, at best produce a fall
with a slope of 2.5. In addition a new component in
the form of a bump, between 2 - 10 um lying above
the underlying power law has been identified (Robson
et al., 1986; Edelson and Malkan, 1986). It has been
suggested that hot dust may be responsible for most of
the infrared emission in radio-quiet objects (Rees et al.,
1969; Rieke, 1978 and Barvainis, 1987).
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Dust is thus assumed to be present in sources dis-
playing the infrared bump. It absorbs the optical ultra-
violet radiation from the central continuum and reemits
at infrared wavelengths. The power P, per unit fre-
quency emitted by a single grain at a temperature Ty
is given by (Barvainis, 1987).

P, = 41d®>7Q, B, (T,) erg sec ' Hz " | (3)

where a is the size of a grain and is believed to be of the
order of 0.05 pm, @, is the absorption efficiency of the
grains in the infrared and B, (T}) is the Planck function.
A grain exposed to UV radiation will achieve equilib-
rium when the rate of absorption in the UV equals its
rate of emission in the infrared i.e.

WGQ/UVCQ,,dVZ/Pde, (4)

where (Q,ma?) is the absorption crosssection of a grain
and U, is the energy density in the ultraviolet. This
equality determines the temperature of a grain. One
can also determine the distance ¢ from the central
source at which the temperature T, < 1500 K, which
is the evaporation temperature of graphite grains. The
optically thin radiation from graphite grains at T, >
1500 K peaks at ~ 2 pym and is suggestive of the in-
frared bump. The size of the dust region can be deter-
mined by acknowledging that at large distance from the
UV source, the dust does not absorb enough UV and
remains cold and nonradiating in the infrared. Thus
the infrared emission is supposed to originate in a re-
gion of = 10 pc extent situated about a pc from the
central UV source. Predominantly graphite grains of
0.05 pm size, either distributed spherically symmetri-
cally or in clumps with a total mass ~ 10% — 10° M
at a range of temperatures can account for the infrared

]

V. Krishan

characteristics of a majority of the radio-quiet objects.
It is interesting to recall that the flat radio spectrum
was produced by assuming that the synchrotron self-
absorbed source is made up of several different compo-
nents and here, the steep infrared spectrum is produced
by assuming that the emission region consists of dust
at many different temperatures? Are their other inter-
pretations?

Advancing towards high frequencies next, comes the
big blue bump spread over from 1 ym - 0.5 KeV region.
It is believed that this spectral region consists of two
components, a nonthermal power law radiation with a
spectral index a ~ 1 over which lies superimposed ther-
mal emission with a black body spectrum modified due
to the spatial variation of the temperature of the emit-
ting region. The fux F, released per unit area from the
matter accreted at a rate M on to a black hole of mass
My is given by (Shields, 1978).

F, ~ 3GMyM /8. (5)

If most of this power is radiated as if from a black
body then the corresponding black body temperature
T, is found to be

Tu(r) = (Fa/o)'/* (6)

where 0 = 5.67 x 107> erg sec™' em™2 K=*. The fre-
quency of maximum emission at a radius r can be de-
termined from:

Vmaz (1) = 2.8KpT,(r)/h. (7)

Integrating T, over the area, taking r;,,;, as the in-
ner radius of the accretion disk, one finds energy emit-
ted per sec per Hz, f, to be:

£~ 1/ vmas (Fmin) / Furdr = [3GMuMo"/? /$x12/3(2.8K 5 /B) 3013 (roin) (8)

Tmin

Thus the flux f has a spectral index o = -1/3. Of
course at each spatial point the gas emits a Planckian
and the (1/3) spectrum results from the spatial varia-
tion of the temperature and therefore of the frequency
of the maximum emission. For frequencies larger than
Vmaz the thermal emission falls off exponentially. This,
in essence, is the thermal accretion model of the big
blue bump, which lies over the nonthermal continuum
extending from far infrared to X-rays. Several variants
of this model have been proposed including contribu-
tions from dust, but it appears that if the near infrared
emission is nonthermal and is due to dust emission, it
may be difficult to save the accretion model (Malkan,

1991, 1992; Czerny, 1994).

IIT  Alternative - coherent radi-
ation processes

The extremely rapid variability requiring bulk relativis-
tic beaming Lorentz factors of 1000 or larger not exhib-
ited by the observed superluminal expansion, a rather
contrived tailoring of the frequency spectrum in order
to fit the observations, the need to heat the emission
line region to get highly ionized metallic atoms are some
of the compelling reasons to look for alternative mecha-
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nisms of radiation generation, propagation and absorp-
tion. The Coherent radiative processes can alleviate
some of these caveats. And plasma processes offer a
variety of ways to generate coherent radiation and heat
plasmas to high temperatures. The existence of a vari-
ety of time scales associated with different wave modes
in a plasma can account for the time variability of the
radiation. Most of all the inferred physical parameters
in AGN are such that they satisfy the conditions for
the occurrence of the plasma processes. The inclusion
of these processes in the modeling of AGN phenomena,
in return, provides us with several good diagnostics.

Vv Novelties of a nonlinear
plasma

In a nonlinear plasma, the densities, the temperatures
and the transport parameters such as the electrical con-
ductivity become functions of the imposed high inten-
sity electromagnetic or electrostatic field. For exam-
ple high intensity radiation E,(w,) passing through a
plasma induces an oscillatory motion (u(w,)) of the
plasma particles which combined with the density fluc-
tuations dn(w) produce electric current density J(w +
w,) at the side bands (w + w,). This gives rise to the
electric field Es(w £ w,) which couples with the inci-
dent field E,(w,) to reinforce the density fluctuations
on(w) and the feed back process continues as shown
in the Fig. 1. These nonlinear processes affect the
propagation, absorption and scattering of radiation and
need to be determined self-consistently. These so called
stimulated processes can reduce or enhance the plasma
transparency depending upon the plasma parameters
and the incident radiation.

ulq,r_h,,“‘\

an ) Smtm)

£, fon £ )

Figure 1. Feed back mechanism for nonlinear plasma
instability.

In the next sections, we discuss the role of some
of these processes in the generation of the nonthermal
continuum of AGN, heating of the emission line region,
absorption of the 21 ¢m radiation, the variability of the
continuum and the electron-positron pair production
and annihilation processes (Krishan, 1997).

Vv Stimulated Raman and
Compton scattering in
quasars

There are three ways by which the scattering of ra-
diation in a plasma can occur: (1) stimulated Ra-
man scattering (SRS), where a strong electromagnetic
wave scatteres off a weakly damped electron plasma
wave (K¢Ape < 1), (ii) stimulated Compton scattering
(SCS), where a strong electromagnetic wave is scattered
off a highly damped electron plasma wave (K Ape > 1)
and (iii) the Compton or the Thomson scattering (CS),
where the electromagnetic radiation is scattered by sin-
gle electrons (Fig. 2). Although the stimulated scatter-
ing processes are well known among laboratory plasma
physicists, they remained unknown to astrophysicists
until the work of Krishan (1983). Under appropriate
conditions, these plasma processes play a decisive role
in the generation as well as the reprocessing of electro-
magnetic radiation.

COMPTON SCATTERING(INVERSE)
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Figure 2. Scattering of radiation in a plasma.
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V.1 Non thermal continuum

A combination of the stimulated Raman and Comp-
ton processes has been proposed to model the entire
continuum radiation. In this picture, the gist of which
was first proposed by Krishan (1983, 1985), a region of
suitably varying density containing fast particles and
electromagnetic fields can generate the observed con-
tinuum all the way from Radio to X-rays (and even ~-
rays). The electrodynamic processes allow particles to
be in a state of continuous acceleration as they can be
accelerated by the fields they emit (Pacini and Salvati,
1982).

V.2 Energetic electrons

The electrons are accelerated by electron-plasma
waves, which are produced through Raman forward-
scattering (RFS). RFS is characterized by the beating
of two electromagnetic waves of frequency and wave
vector (wo, K,) and (wy, K1) respectively, so that

W, — W] =w, and Ifo—K_:lzfe 9)

and an electron plasma wave (we,fe) is produced.
The two electromagnetic waves, in the context of AGN
could possibly arise from cyclotron emission. For
Wo > wpe, the phase velocity of the Langmuir waves
Vp = we/Ke = c(1 — w2, /w,?)!/? is close to c. Such a
wave will grow in strength until its amplitude E, be-
comes relativistic; in other words, the quiver velocity
of the electron Vg = eF,/m.wec approaches ¢. Then
the wave traps electrons in the tail of the distribution
and accelerates them. Because V,, = ¢, a sizeable frac-
tion of the electrons will stay in phase with the wave
for extended periods and can thus be accelerated to
high values of Lorentz factor vy (Krishan and Wiita,
1990). A critical account of several popular acceler-
ation processes in astrophysical situations is given in
Colgate (1994).

V.3 The scattering agency

The energetic electrons can radiate by being
scattered off either in the Coulomb field of ions
(Bremsstrahlung); in a static magnetic field (Syn-
chrotron), in a spatially periodic magnetic field, elec-
trostatic wave and or electromagnetic wave through
Raman and Compton processes. The high amplitude
Langmuir waves produced by RFS may be suscepti-
ble to magnetic modulational instabilities (Bel’kov and
Tsytovich, 1979, 1982; Kono, Skoric and ter Haar,
1981). The plasma oscillations with inhomogeneous
phase distributions produce vortical currents which
tend to increase the spontaneously produced magnetic
fields. The magnetic modulational instability excites
magnetic fields with spatial periods peaking at (c/wpe,
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but ranging up to (Ve /wpe) with an amplitude Basayr =
eE?/(4mecwye) ). This quasi-stationary spatially pe-
riodic magnetic field will remain excited as long as
the Langmuir electric field continues to be reinforced
via the beating of the two electromagnetic waves. In-
tense localized regions of electrostatic field in the form
of soliton like structures could also provide a scatter-
ing agency (Weatherall and Benford, 1991; Lesch and
Pohl, 1992). The low frequency electromagnetic waves,
say produced by synchrotron processes could also scat-
ter off the energetic electrons via stimulated Raman
scattering in addition to the much discussed Compton
scattering.

V.4 Production of radiation

The role of stimulated scattering processes in the
generation of AGN nonthermal continuum and its fast
variability is being investigated since it was first pointed
out (Krishan, 1983, 1985; Krishan and Wiita 1990;
Gangadhara and Krishan, 1992; Weatheerall and Ben-
ford, 1991; Coppi, Blandford and Rees, 1993; Levinson
and Blandford, 1995). The model consists of an elec-
tron beam which propagates radially outwards and in-
teracts with the soft photon field to produce radiation
at high frequencies. The generation (Blandford and
Payne, 1982; Wiita, Kapahi and Saikia, 1982) and sta-
bility of extremely sharp electron beams in quasars has
been discussed by Lesch and Schlickeiser (1988). The
scattering can be studied more easily in the rest frame
of the electrons, as is done in the study of inverse Comp-
ton scattering. In the rest frame of the electron beam,
non-relativistic calculations of the energy transfer rates
or the growth rates and the scattered flux can be car-
ried out and these quantities can then be transferred
back to the laboratory frame.

The density of beam electrons can be estimated by
demanding that the rate at which the beam electrons
lose energy from SRS, equals the rate at which they
gain energy from RFS. Note that, while an ambient
plasma has an important role in the acceleration, only
the relativistic beam particles are responsible for the
emitted radiation. Further, this ansatz has the pleasant
consequences that a steady state supply of relativistic
electrons with small thermal spread is available.

The total power emitted by SRS can be estimated
by noting that, as the scattered power rises, the effec-
tive electric field (3; x B,) produced by the scattering
also increases. This field will trap the beam electrons,
increasing their thermal spread and halting the process.

Since, the frequency of emission scales with the elec-
tron plasma frequency and therefore the electron den-
sity m, high frequency emission originates in the denser
regions, presumably close to the very core of the AGN.
It is interesting to note that the power can be made in-
dependent of frequency (Corresponding to a = 1, close
to what is observed in the infrared X-ray region) if, ~,
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and the product nA are constants. If the beams have a
constant opening angle so that A oc r2, then this spe-
cial case corresponds to n o 72, the familiar law of
density variation in a uniformly expanding or contract-
ing medium. In general, assuming a power law spatial
variations of n, frequency ws and luminosity L(r) etc.
It was shown in Krishan and Wiita (1990), fairly good
fits to the average AGN and Seyferts spectra could be
obtained for very reasonable values of the various pa-
rameters except that electron density is taken to be
higher than what is usually assumed.

P O a1 —
=, SRS 3C 273
(-] a
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Figure 3. The spectrum of the quasar 3C273. The solid lines
represent the calculated spectrum and the specrum of the
pump wave. The observed points, o (1984 February) and
A (1986 February) by Courvoisier et al. (1987), are also
plotted. The constants are: 7, = 3 x 103, no = 9.24 x 10'7
cm™3, v, = 4 x 10'° Hz.

The stimulated scattering process for the entire
range of plasma and radiation parameters so as to in-
clude SRS as well as SCS and hence going through the
transition region was studied by Gangadhara and Kr-
ishan (1992). Assuming a flat spectrum radio pump,
power law spatial variations of plasma density, Lorentz
factor, temperature and spectrum of the pump, almost
the entire spectrum of 3C273 was reproduced (Fig. 3).
At the critical frequency (vs < 10385 Hz) there is a
break in the spectrum due to the change of scattering
process from SRS to SCS. The SRS process contributes
in the lower frequency part (v; < 10'3-%5 Hz) while SCS
contributes in the higher energy part. The slope of the
spectrum in the SRS region is ~ -0.8 and in the SCS
region, it is (-0.7). The hard x-ray part of the spectrum
is steep due to strong collisional damping of the scat-
tered and the electron plasma waves and the slope of
this part is ~ (1.5). The bump in the spectrum is pro-
duced at the transition region (KyApe = 0.4) between
SRS and SCS regions. It is clear that plasma scattering
processes can contribute, in a major way, to the pro-
duction of nonthermal continuum of AGN, along with
its polarization and variability characteristics.

VI Heating of the emission line
region

The strong nonthermal radio continuum from the AGN
can heat the emission line region through the action of
the parametric decay instability. In this process, the
radio wave decays into an electron-plasma wave and
an ion-acoustic wave which are then absorbed by the
plasma. It is found that temperature of more than
100,000 K can be attained through this process (Kr-
ishan, 1987).

VII Absorption of the 21 cm ra-

diation

The absorption of 21 c¢m radiation from AGN is gener-
ally attributed to the neutral hydrogen clouds. But it is
shown that much larger absorption can take place in the
ionized regions though the parametric decay instability.
The inclusion of this absorption process commands a
reestimate of the neutral hydrogen component for the
absorption of the 21 cm radiation (Krishan, 1988).

VIII Continuum variability

The AGN continuum shows variability on different time
scales in the different spectral regions. A host of plasma
and MHD waves can introduce quasi-periodic or ape-
riodic time variability in the emitted radiation. Espe-
cially the change of emission process from the Comp-
ton to Raman scattering can manifest itself in terms of
extremely rapid variability. Further, the inverse Comp-
ton scattering by hard electrons could compete with the
Langmuir wave emission from them and thereby caus-
ing variability in the radio region instead of the X-ray
region (Krishan and Wiita, 1994. Krishan, Wiita and
Ramadurai, 2000).

IX Stimulated pair processes

The production and annihilation of the electron
positron pairs play an important role in the v-ray re-
gion of the AGN radiation. In addition to the Compton
process in which two photons and an electron-positron
pair participate, the plasma process in which one of the
photons has been replaced by an electron-plasma wave
can contribute to the pair processes in a significant way.
The cross sections are modified in an important quanti-
tative way. All the implications of these processes still
remain to be investigated (Krishan, 1999, 2001).
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X  Conclusion

The role of nonlinear fast plasma processes in the ener-
getic environs of AGN and other related objects is being
explored. The high brightness temperatures and rapid
variability necessitate the inclusion of collective pro-
cesses in the generation and propagation of electromag-
netic radiation. I believe a strong case has been made
in favour of the potential carried by plasma processes in
revealing the workings of intense sources like quasars.
But much remains to be done. The first thing, one
should take up is to study these parametric processes in
magnetized plasmas and then perhaps also in inhomo-
geneous plasmas. It is well known that the electric field
of an electromagnetic wave swells in the resonance re-
gion (w, = wy,) in an inhomogeneous plasma. The en-
ergy stored in this enhanced field could be tapped in the
form of energetic particles and radiation. More realistic
treatments of nonlinear propagation of broad band radi-
ation needs to be performed. As these plasma processes
manifest themselves in the form of instabilities, their
saturation mechanisms need to be investigated in order
to determine the final equilibrium. An unification of
the various radiation mechanisms like Bremsstrahlung,
Synchrotron, Inverse Compton and Raman scattering
could be achieved if one described these processes in
terms of wave-wave scattering, since in a moving frame,
the coulomb field and the magnetic field become virtual
electromagnetic waves. Or perhaps, there is an entirely
novel way of modeling the AGN continuum. This could
constitute the investigations of radiation characteristics
of a turbulent plasma which is known to support a K~
spectrum of electric field fluctuations (K is a wave vec-
tor). How does this translate in terms of the radiation
spectrum? The field of plasma - radiation coupling is
rich in scope and should be approached with an open
mind towards the myriad possibilities (Krishan, 1993,
1994).
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